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Title of thesis: A Study of Low Energy Galactic Cosmic Rays from 
1961 to 1965. 

Bonnard Teegarden, Doctor of Philosophy, 1967 

Thesis directed by: Frank B. McDonald 
Visiting Professor 

The results from a series of balloon flights beginning in 1961 and 

ending in 1965 are presented. Measurements of the cosmic ray intensity 

were made using a dE/dx and E detector sensitive to energies from 15 to 

80 MeV/nucleon. The early balloon flights provided design information 

and also aided in the development of data handling techniques for later 

satellite versions of the detector which have been on IMP'S I, 11, and 

111 and OGO's I and 11. Proton and helium intensities at 85 MeV/nucleon 

are presented for the five year period covered by the balloon flight series. 

The behavior of the proton to helium ratio as a function of time is 

discussed within the framework of Parker's model for the solar modulation 

of cosmic rays. 

In 1965 a modified version of the dE/dx and E detector with an extended 

energy range was flown for the first time. A cosmic ray helium spectrum 

from 60 to 500 MeV/nucleon measured by this detector is presented. The 

change in proton and helium intensities in this energy region from 1963 

to 1965 is examined and compared with the results predicted by the various 

special cases of Parker's model. 

A totally empirical atmospheric secondary proton spectrum is derived, 

based on simultaneous balloon and satellite measurements. This spectrum 

is compared with the secondary spectrum obtained from a nuclear emulsion 

measurement and the differences are discussed. Using ou? empirical 



secondary spectrum, we obtain an upper limit for the re-entrant albedo 

at Sioux Falls which is significantly less than values reported by 

other observers. 

A measurement of the intensities of secondary deuterium and tritium 

was made in 1965. Using these results, we obtain a value for the global 

average production of tritium in the earth's atmosphere. 

of this result regarding the problem of tritium balance in the atmosphere 

are discussed. 

The implications 
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I .  INTRODUCTION 

I n  r e c e n t  y e a r s  cosmic r a y s  have become an i n c r e a s i n g l y  important  

t o o l  f o r  s tudying  problems of  a s t r o p h y s i c a l  i n t e r e s t .  C l a s s i c a l  

astronomy and a s t r o p h y s i c s  have t r a d i t i o n a l l y  r e l i e d  upon s t u d i e s  of 

s t e l l a r  e lec t romagnet ic  r a d i a t i o n  i n  t h e  v i s i b l e  and, more r e c e n t l y ,  i n  

t h e  r a d i o  reg ion .  Cosmic r a y s ,  c o n s i s t i n g  of e n e r g e t i c  charged p a r t i c l e s ,  

c o n s t i t u t e  an e n t i r e l y  d i f f e r e n t  type of r a d i a t i o n .  The corpuscular  

cosmic r a d i a t i o n  i s  t h e r e f o r e  a p o t e n t i a l  source of new informat ion  n o t  

o b t a i n a b l e  from t h e  more f a m i l i a r  methods of o p t i c a l  and r a d i o  astronomy. 

S ince  cosmic r a y s  c o n s i s t  of  charged p a r t i c l e s ,  they w i l l ,  u n l i k e  

photons,  i n t e r a c t  wi th  t h e  i n t e r p l a n e t a r y  and g a l a c t i c  magnetic f i e l d s .  

An important  f a c e t  of  cosmic r a y  research  concerns t h e  i n f l u e n c e  of 

such magnetic f i e l d s  on t h e  propagat ion and d i s t r i b u t i o n  of cosmic r a y s  

i n  the s o l a r  system and i n  our  galaxy. Evidence e x i s t s  t h a t  t h e r e  i s  a t  

l eas t  an approximate e q u i p a r t i t i o n  o f  energy between t h e  g a l a c t i c  magnetic 

f i e l d  and g a l a c t i c  cosmic r a y s .  Each h a s  an energy d e n s i t y  of  approximately 

1 e V l c d .  

impor tan t  r o l e  i n  magnetohydrodynamical processes  w i t h i n  our galaxy.  

Such an e q u i p a r t i t i o n  sugges ts  t h a t  cosmic r a y s  may p l a y  an 

We now ask  what are t h e  observable  p r o p e r t i e s  of g a l a c t i c  cosmic 

r a y s ,  and what,  s p e c i f i c a l l y ,  can  be learned  from each observa t ion?  

The o b s e r v a t i o n s  can be d i v i d e d  i n t o  f o u r  c a t e g o r i e s :  

1. The energy spectrum. 

2.  Nuclear and i s o t o p i c  abundances. 

3 .  T i m e  v a r i a t i o n s .  

4 .  A r r i v a l  d i r e c t i o n s .  



These o b s e r v a t i o n a l  c a t e g o r i e s  are n o t  independent s i n c e ,  f o r  example, 

t h e  t i m e  v a r i a t i o n s  and i s o t o p i c  composition a r e  both energy dependent.  

The t o t a l  cosmic r ay  k i n e t i c  energy spectrum a t  s o l a r  minimum i s  

shown i n  Figure 1. This  i s  n e c e s s a r i l y  a compilat ion of many d i f f e r e n t  

exper imenta l  r e s u l t s ,  s i n c e  no s i n g l e  experiment could span such a wide 

range of energy. Cosmic r a y  measurements have extended over approximately 

14 o r d e r s  of magnitude i n  energy. A i r  shower experiments have measured 

cosmic r a y  energ ies  of - loa" e V ,  

ever  recorded. 

t h e  l a r g e s t  s i n g l e  p a r t i c l e  energy 

We see i n  F igure  1 t h a t  t h e  energy spectrum undergoes a maximum 

i n  t h e  v i c i n i t y  of 500 M e V .  A t  p r e s e n t  i t  i s  n o t  clear whether t h i s  i s  

a p r o p e r t y  of primary cosmic r a y s  o r  a l o c a l  e f f e c t  caused by t h e  s o l a r  

modulation of g a l a c t i c  cosmic r a y s .  A t  h i g h e r  e n e r g i e s  where s o l a r  

modulation has l i t t l e  o r  no i n f l u e n c e ,  t h e  cosmic r a y  spectrum e x h i b i t s  

a power l a w  dependency (dj/dE a E-"; n = 2 . 5 ) .  

over  a n  extremely w i d e  range i n  energy,  approximately t e n  o r d e r s  of 

magnitude. Evidence e x i s t s ,  however, i n d i c a t i n g  t h e  presence  of some 

f i n e  s t r u c t u r e  i n  t h e  spectrum a t  very h i g h  e n e r g i e s  (- ev ) .  Such 

a f i n e  s t r u c t u r e  i s  r e l a t e d  t o  t h e  problem of  containment of cosmic r a y s  

w i t h i n  our  galaxy and a l s o  t o  t h e  q u e s t i o n  of  whether cosmic r a y s  a r e  

p r e s e n t  i n  i n t e r g a l a c t i c  as w e l l  as i n t e r s t e l l a r  space .  

N 

This  behavior  p e r s i s t s  

The composition of g a l a c t i c  cosmic r a y s  i s  summarized i n  F igure  2 .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  r e l a t i v e  abundances o f  g a l a c t i c  cosmic 

r a y s  w i t h  the  s o - c a l l e d  cosmical  abundances as determined from m e t e o r i t e s  

and s te l la r  spectrums. Q u a l i t a t i v e l y ,  the c d r a y  andcosmical abundances 

e x h i b i t  s i m i l a r  behaviors .  I n  both c a s e s  hydrogen i s  overwhelmingly t h e  

~ 

P 
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s i n g l e  most abundant element,  followed by helium, carbon,  and oxygen. 

I n  a d d i t i o n ,  an odd-even e f f e c t  can be found i n  both t h e  cosmic ray and 

cosmical abundances, whereby n u c l e i  of  even Z are i n  g e n e r a l  more abundant 

than  n u c l e i  of odd Z .  An anomalously h i g h  abundance of  heavy g a l a c t i c  

cosmic r a y s ,  p a r t i c u l a r l y  i n  t h e  i r o n ,  c o b a l t ,  n i c k e l  group, h a s  been 

observed compared wi th  t h e  cosmical abundances. The cosmical  abundances a r e ,  

of  course ,  r e p r e s e n t a t i v e  of average o r  t y p i c a l  c o n d i t i o n s .  The anoma- 

l o u s l y  h i g h  abundance of t h e  heavy elements  i n  t h e  g a l a c t i c  cosmic 

r a d i a t i o n  sugges ts  t h a t  t h e  a c c e l e r a t i o n  of cosmic r a y s  t a k e s  p l a c e  i n  

a n  a t y p i c a l  r e g i o n  such as might be found, f o r  example, i n  a supernova. 

An anomalously h igh  abundance i n  t h e  g a l a c t i c  cosmic r a d i a t i o n  h a s  

a l s o  been observed f o r  t h e  l i g h t  n u c l e i  l i t h i u m ,  bery l l ium,  and boron. 

It i s  be l ieved  t h a t  such n u c l e i  are produced by t h e  f ragmenta t ion  of  

h e a v i e r  n u c l e i  dur ing  t h e i r  passage through i n t e r s t e l l a r  mater ia l .  From 

measurements of t h e  r e l a t i v e  abundances of t h e  l i g h t  n u c l e i ,  i t  h a s  been 

deduced t h a t  cosmic r a y s ,  on t h e  average, p a s s  through approximately 

3 gm/cm2 of i n t e r s t e l l a r  m a t e r i a l .  

Cosmic r a y  t i m e  v a r i a t i o n s  have been t h e  s u b j e c t  of much r e s e a r c h  ir, 

r e c e n t  y e a r s .  S e v e r a l  d i f f e r e n t  types  of  s h o r t  t e r m  t i m e  v a r i a t i o n s  

( l a s t i n g  from a few hours  t o  s e v e r a l  weeks) have been observed. These 

are t h e  d i u r n a l  and semi-diurnal  v a r i a t i o n s ,  t h e  Forbush decrease ,  and 

t h e  27 day v a r i a t i o n .  The shor t - te rm t i m e  v a r i a t i o n s  are,  i n  g e n e r a l ,  

r e l a t e d  t o  t h e  s p a t i a l  s t r u c t u r e  and t o  t i m e  v a r i a t i o n s  of t h e  i n t e r -  

p l a n e t a r y  magnetic f i e l d .  

The a n t i - c o r r e l a t i o n  between the long-term t i m e  v a r i a t i o n  i n  t h e  

g a l a c t i c  cosmic r a y  i n t e n s i t y  and t h e  11 y e a r  sunspot  c y c l e  w a s  f i r s t  

n o t e d  by Forbush [1954]. The eleven year  v a r i a t i o n  i n  cosmic r ay  
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intensity is attributed to modulation of the galactic cosmic ray 

intensity by the solar magnetic field. High latitude neutron monitors, 

sensitive to average energies of 3-5 BeV, characteristically show variations 

in intensity of 30% over a solar cycle. 

Cosmic ray arrival directions are very nearly isotropic. Isotropy 

is, in fact, expected as a result of scattering by irregularities in the 

galactic magnetic field. Careful observations, however, have shown that 

a small quiescent anisotropy (- .5%) exists, with a maximum at approxi- 

mately 90" to the earth-sun line. This anisotropy manifests itself in 

the form of the diurnal variation mentioned previously. Its magnitude 

and direction are consistent with the hypothesis that the cosmic ray gas 

is swept along with the interplanetary magnetic field which, in turn, is 

co-rotating with the sun. In addition, larger, but short-lived, 

anisotropies have been observed in conjunction with Forbush decreases. 

In the context of this thesis we shall be concerned only with the low 

energy cosmic rays (E 5 500 MeV/nucleon). 
are much more susceptible to the influence of interplanetary and galactic 

magnetic fields. Solar modulation is consequently much more effective 

at low energies than at high energies. The proton intensity at 85 MeV, 

which will be discussed more fully later, has been observed to change by 

a factor of four from 1961 to 1965; therefore the change between solar 

maximum and solar minimum is expected to be even larger. This is to be 

compared with a change of only 30% in the intensity at 4 BeV from solar 

maximum to solar minimum as indicated by sea-level neutron monitors. 

Studies of the time variation at low energies are thus particularly use- 

ful in attempting to understand the process of solar modulation. 

The low energy cosmic rays 
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The behavior  of t h e  g a l a c t i c  cosmic ray  spectrum a t  low ene rg ie s  i s  

as y e t  an unsolved problem. One hopes t h a t  wi th  a b e t t e r  unders tanding  

of s o l a r  modulation i t  w i l l  be p o s s i b l e  t o  demodulate t h e  spectrum observed 

a t  t h e  e a r t h ' s  o r b i t  and thus  ob ta in  a g a l a c t i c  cosmic ray  spectrum. 

expec ts  t h a t  e f f e c t s  due t o  i o n i z a t i o n  l o s s e s  occur r ing  dur ing  passage 

through the  i n t e r s t e l l a r  gas w i l l  become important  a t  low e n e r g i e s .  Thus, 

a knowledge of t h e  behavior  of t h e  low energy p o r t i o n  of t he  cosmic ray  

spectrum should improve t h e  understanding of  t h e  a c c e l e r a t i o n  and propaga- 

t i o n  of cosmic r ays  w i t h i n  our  galaxy. I n  a d d i t i o n ,  t he  l o w  energy r eg ion  

i s  a p a r t i c u l a r l y  f e r t i l e  a r e a  f o r  t h e  s tudy  of t h e  i s o t o p i c  composition 

of cosmic r a y s .  While charge i d e n t i f i c a t i o n  i s  easy  a t  h igh  e n e r g i e s ,  

m a s s  s e p a r a t i o n  i s  q u i t e  d i f f i c u l t .  A t  low e n e r g i e s ,  however, i t  i s  

p o s s i b l e  i n  c e r t a i n  cases  t o  sepa ra t e  i s o t o p e s  of a s i n g l e  element.  S t u d i e s  

have been made, f o r  example, of the  He3/He4 r a t i o  i n  t h e  l o w  energy reg ion .  

One 

Ea r ly  measurements presented  a somewhat confus ing  p i c t u r e  of t h e  low 

energy p o r t i o n  on t h e  cosmic ray  spectrum. High a l t i t u d e  l a t i t u d e  surveys 

[ s e e ,  f o r  example; Meredi th ,  Van Allen,  and G o t t l i e b ,  1955; Meyer and 

Simpson, 1955, 1957; Winckler and Anderson, 19571 provided t h e  f i r s t  

exper imenta l  evidence r e l a t i n g  t o  the behavior  of low energy cosmic r a y s .  

A l lki~eesl o r  plateacl ii; t h e  I a t i t a d e  CIITVP, was nhservedr the i n t e n s i t y  a s  

a f u n c t i o n  of l a t i t u d e  inc reased  up t o  a c e r t a i n  p o i n t  and t h e r e a f t e r  

remained c o n s t a n t .  The knee w a s  not always p r e s e n t ;  nor  was i t s  p o s i t i o n  

always t h e  same, bu t  seemed t o  be c o r r e l a t e d  wi th  s o l a r  a c t i v i t y .  The 

e a r l y  experimenters  were confronted wi th  t h e  problem of whether t h e  knee 

r e a l l y  r e f l e c t e d  t h e  absence of low energy p a r t i c l e s  o r  w a s  simply due t o  

a tmospher ic  abso rp t ion .  Unfor tuna te ly ,  i n c o r r e c t  t h e o r e t i c a l  e s t i m a t e s  

of  the geomagnetic c u t - o f f s  at high l a t i t u d e s  l ed  i n  many cases  t o  a 
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m i s i n t e r p r e t a t i o n  of t h e  d a t a .  C e r t a i n  l a t i t u d e  surveys were i n t e r p r e t e d  

as i n d i c a t i n g  t h e  absence o r  extreme s c a r c i t y  of cosmic r a y s  below 

e n e r g i e s  a s  h igh  as 500 t o  600 M e V .  Later,  more d i r e c t  measurements 

showed t h a t ,  i n  f a c t ,  t h e  knee i n  t h e  l a t i t u d e  curve i s  due t o  atmos- 

p h e r i c  absorp t ion  of t h e  low energy primary cosmic r a y s .  

Addi t iona l  evidence on t h e  f l u x  a t  low e n e r g i e s  w a s  ob ta ined  i n  t h e  

e a r l y  1950's through s t u d i e s  of t h e  i o n i z a t i o n  rate as a f u n c t i o n  of depth 

i n  t h e  atmosphere [see,  f o r  example; Neher, 19571. The i o n i z a t i o n  r a t e  

c h a r a c t e r i s t i c a l l y  e x h i b i t s  an exponent ia l  dependence on depth i n  t h e  

atmosphere. However, Neher found a " t u r n i n g  up" i n  t h e  i o n i z a t i o n  vs .  

depth curve a t  h igh  a l t i t u d e s  (< 10 gm/c$) n e a r  t h e  geomagnetic p o l e  a t  

s o l a r  minimum. This  behavior  w a s  a t t r i b u t e d  t o  p a r t i c l e s  wi th  ranges i n  

t h e  neighborhood of  10 gm/cn? , s p e c i f i c a l l y ,  p r o t o n s  wi th  e n e r g i e s  of 

approximately 100 MeV. A c o r r e l a t i o n  w a s  found between t h e  shape of t h e  

i o n i z a t i o n  vs .  depth curve  and s o l a r  a c t i v i t y ,  and some s p e c u l a t i o n  

ensued concerning t h e  r e l a t i o n  of t h e  "knee" t o  t h e  i o n i z a t i o n - d e p t h  curve .  

The f i r s t  i n d i c a t i o n  of t h e  s t r o n g  i n f l u e n c e  of s o l a r  modulation a t  low 

e n e r g i e s  was obta ined  from t h e s e  s t u d i e s .  

dependence of t h e  i o n i z a t i o n  r a t e ,  however, cannot  provide  d e t a i l e d  

informat ion  on t h e  behavior  of low energy cosmic r a y s .  

Data on t h e  l a t i t u d e  and depth 

Nuclear emulsions provided one of t h e  e a r l i e s t  means of o b t a i n i n g  

d i r e c t  measurements of t h e  cosmic r ay  spectrum a t  low e n e r g i e s .  

phrase  " d i r e c t  observat ions"  should perhaps be somewhat q u a l i f i e d  s i n c e  

t h e  measurements are contaminated by secondary p r o t o n s  and deuterons  

produced i n  t h e  atmosphere above t h e  d e t e c t o r ,  and by r e - e n t r a n t  a lbedo.  

Emulsions provide a q u i t e  v e r s a t i l e  method f o r  charged p a r t i c l e  d e t e c t i o n .  

The 

, 
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A number of different techniques permit identification of a particle's 

charge, mass and energy; but careful and lengthy analysis is necessary 

to yield enough data to determine a statistically significant spectrum. 

Primary cosmic ray studies by means of nuclear emulsions began around 

1948 and continue through the present. Comprehensive summaries o f  the 

early work have been presented by Singer [1958] and Waddington [1960]. 

More recent emulsion are summarized in several review papers [Webber, 

1962, 1964; Biswas and Fichtel, 19651. 

The early emulsion measurements provided the first evidence on the 

composition of cosmic rays. The anomalously high abundance of heavy 

nuclei mentioned previously was first discovered with emulsions. A 

large abundance of the light elements as compared to universal abundances 

was also observed. Initially there was some ambiguity as to whether 

these were really primary particles or just fragmentation products from 

interactions in the atmosphere. Later experiments, however, have shown 

that these particles are, in fact, present in the primary cosmic radiation. 

Except for a few cases, the early emulsion experiments relied on 

the latitude effect to magnetically analyze the cosmic ray spectrum. 

Values for the integral intensities of the various cosmic ray components 

were obtained at different latitudes. This technique, however, was not 

well suited to the study of the low energy cosmic ray spectrum. 

The measurements of Waddington [1954] provided one of the first direct 

determinations of the differential cosmic ray spectrum at low energies: 

the alpha particle spectrum was obtained down to 400 MeV/nucleon. 

400 MeV/nucleon, this spectrum was observed to decrease monotonically 

towards higher energies. Then the emulsion measurements of Ney [1955] 

Above 
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extended the differential alpha spectrum down to 150 MeV/nucleon: 

maximum was observed at approximately 300 MeV/nucleon, and thereafter 

the spectrum decreased towards lower energies. 

a 

I A number of emulsion measurements of the differential spectrum at 

low energies were made in the late 1950's [see for example, Duke, 1960; 

Freier et al., 1959; Fowler et al., 19581. With these measurements in 

addition to the Cerenkov detector measurements of McDonald and Webber, a 

fairly consistent picture of the low energy spectrum began to emerge. 

The Cerenkov-scintillator telescope of McDonald and Webber provided 

an extremely useful tool for the measurement of cosmic rays in the 300- 

800 MeV/nucleon range. 

a unique determination of a particle's charge and velocity. 

series of balloon flights was carried out by McDonald and Webber during 

the middle and late 1950's [Webber and McDonald, 1955, 1964; McDonald and 

Webber, 1956, 1957, 1959, 19621. 

The combined Cerenkov and scintillator output gives 

An extensive 

McDonald and Webber's first measurements of the alpha particle 

spectrum were in essential agreement with emulsion measurements. In later 

balloon flights the proton spectrum was measured between 250 and 750 MeV 

[McDonald and Webber, 19593. One of  the most significant aspects of the 

data was that the differential rigidity spectra of the alpha particles and 

protons were related by a simple constant of proportionality. 

to the conclusion that the mechanism producing the shape of the spectrum 

in this region, whether it be primary acceleration, solar modulation, or 

a combination of both, must be rigidity dependent. It was a reasonable 

conclusion, since acceleration and modulation mechanisms due to magnetic 

fields characteristically have particle rigidity as a fundamental para- 

This led 

+ 

4 
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meter .  One must remember, however, t h a t  t h e  above observa t ions  w i l l  be 

s t r o n g l y  dependent on t h e  s o l a r  cyc le .  The p r o t o n  spectrum measurement 

of McDonald and Webber was made near maximum s o l a r  a c t i v i t y  and, consequent ly ,  

t h e  conclus ions  may n o t  n e c e s s a r i l y  be v a l i d  dur ing  more q u i e t  p e r i o d s .  

A l so ,  t h e  r e g i o n  of o v e r l a p  of t h e  p r o t o n  and a lpha  r i g i d i t y  s p e c t r a  w a s  

n o t  l a r g e  and d i d  n o t  r e a l l y  preclude a s p l i t t i n g  of t h e  s p e c t r a .  I n  

f a c t ,  c e r t a i n  more r e c e n t  observa t ions  near  s o l a r  minimum appear t o  

i n d i c a t e  a veloci ty-dependent  modulation mechanism a t  low e n e r g i e s .  

Before 1960 t h e  cosmic r a y  spectrum had been measured down t o  an 

energy of approximately 250 MeV f o r  pro tons  and 150 MeV/nucleon f o r  

a l p h a s .  I n t e r e s t  n a t u r a l l y  a r o s e  i n  t h e  spectrum a t  s t i l l  lower e n e r g i e s  

s i n c e  i t  appeared t o  depend more s t r o n g l y  on s o l a r  modulation and was 

p o t e n t i a l l y  a new source of information on a s t r o p h y s i c a l  p rocesses  w i t h i n  

t h e  galaxy.  The measurements of  Meyer and Vogt i n  t h e  e a r l y  1960's [Vogt, 

1962; Meyer and Vogt,1963] were the  f i r s t  t o  provide  informat ion  i n  t h i s  

energy reg ion .  T h e i r  experimental  technique involved t h e  s imultaneous 

measurement o f  a p a r t i c l e ' s  energy l o s s  ra te  (dE/dx) and i t s  range.  The 

range  w a s  measured by u s i n g  a l t e r n a t e  l a y e r s  of  l ead  absorber  and 

s c i n t i l l a t o r ;  t h i s  combination provided a unique i d e n t i f i c a t i o n  of a 

p a r t i c l e ' s  charge ,  mass, and energy, and w a s  a b l e  t o  d e t e c t  p r o t o n s  i n  

t h e  80-300 MeV i n t e r v a l .  Thus, u n l i k e  McDonald and Webber's experiment ,  

i t  d i s t i n g u i s h e d  e l e c t r o n s  from protons.  Alphas and h e a v i e r  n u c l e i ,  

however, were d i f f i c u l t  t o  d e t e c t  because of n u c l e a r  i n t e r a c t i o n s  i n  t h e  

l a r g e  t h i c k n e s s  of absorber .  

The primary pro ton  spectrum observed by Vogt i n  1960 appeared t o  

i n c r e a s e  towards lower e n e r g i e s  below about 250 MeV.  The h igh  abundance 
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of low energy pro tons  and t h e i r  s p e c t r a l  behavior led  t o  s p e c u l a t i o n  t h a t  

a t  least  dur ing  pe r iods  of h igh  s o l a r  a c t i v i t y ,  t he  sun might cont inuous ly  

e m i t  e n e r g e t i c  p a r t i c l e s .  

Meyer and Vogt [1963] i s  complicated by atmospheric secondar ies  which 

become p a r t i c u l a r l y  important  a t  very  low ene rg ie s .  Analysis  i s  a l s o  

complicated by nuc lea r  i n t e r a c t i o n s  w i t h i n  t h e  d e t e c t o r  i t s e l f .  Fu r the r -  

more, s m a l l  s o l a r  cosmic r ay  events,when they occur ,  would dominate t h e  

l o w  energy reg ion .  

I n t e r p r e t a t i o n  of t he  d a t a  of Vogt [1962] and 

Later ba l loon  and s a t e l l i t e  measurements [see, f o r  example Bruns te in ,  

1964; F i c h t e l ,  e t  a l . ,  1964; McDonald and Ludwig, 19641 have no t  found 

t h e  l a r g e  number of low energy pro tons  r epor t ed  by Meyer and Vogt. This  

does n o t ,  however, p rec lude  t h e  p o s s i b i l i t y  t h a t  t h e s e  were p r e s e n t  du r ing  

t h e  t i m e  of Vogt 's  measurement (1960) and not  p r e s e n t  dur ing  l a t e r  pe r iods  

of l e s s  s o l a r  a c t i v i t y .  The d a t a  t o  be p re sen ted  i n  t h i s  paper have some 

bear ing  on t h i s  ques t ion ,  as w i l l  be d i scussed  la ter .  

Emulsion and counter  measurements of t h e  low energy spectrum have 

. cont inued through the  d e c l i n i n g  s o l a r  c y c l e .  De ta i l ed  informat ion  on t h e  

t ime v a r i a t i o n  as a f u n c t i o n  of energy of p ro ton  and a lpha  p a r t i c l e  

i n t e n s i t i e s  has been ob ta ined .  The advancement of s a t e l l i t e  technology 

has  permi t ted  d i r e c t  measurements uncomplicated by a lbedo  and atmospheric 

s econdar i e s .  

A d e t e c t o r  aboard the  e c c e n t r i c  o r b i t i n g  Exp lo re r s  X I 1  and X I V  

provided d e t a i l e d  informat ion  on low energy s o l a r  cosmic r a y s  [Bryant ,  

e t  a l . ,  1962, 1962, 19651. Ion  chambers on deep space probes  have observed 

t h e  gross  temporal and s p a t i a l  behavior  of cosmic r a y s  [ s e e ,  f o r  example, 

Neher and Anderson, 1964; Anderson, 1963, 19643. 

c 
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The f i r s t  d i r e c t  measurements of  g a l a c t i c  cosmic r a y s  below 100 

M e V  were made by d e t e c t o r s  aboard t h e  IMP-I s a t e l l i t e  i n  1963. The 

d e t e c t o r s  were of t h e  dE/dx and E type  and w e r e  s imi la r  i n  p r i n c i p l e  t o  

t h a t  used by Meyer and Vogt. 

however, a t o t a l  a b s o r p t i o n  s c i n t i l l a t o r  w a s  used t o  measure i t s  energy.  

T h i s  technique has  t h e  advantage of provid ing  a cont inuous measurement of 

a p a r t i c l e ' s  t o t a l  energy as opposed t o  determining i n  which range i n t e r v a l  

( o u t  of perhaps 6 o r  7 )  a p a r t i c l e  f a l l s .  

d e t e c t o r  can be e l imina ted  more e a s i l y  and, as a r e s u l t ,  p a r t i c l e s  of much 

h i g h e r  charge and m a s s  can be measured. 

i n t e n s i t i e s  were obta ined  between approximately 30 and 80 MeV/nucleon 

[Fan, e t  a l . ,  1964, 1965a, 1965b; Gleockler ,  1965; McDonald and Ludwig, 

1964; Balasubrahmanyan, e t  a l . ,  19653. There was g e n e r a l  agreement 

between t h e  s a t e l l i t e  measurements and ba l loon  measurements a t  comparable 

and h i g h e r  e n e r g i e s  c a r r i e d  o u t  during t h e  same p e r i o d  of t i m e  [see, f o r  

example, O r m e s  and Webber, 1963; F r e i e r  and Waddington, 19641. The 

observed s p e c t r a  e x h i b i t e d  no s u r p r i s i n g  c h a r a c t e r i s t i c s .  The low energy 

p o r t i o n  showed a maximum a t  about 300 MeV/nucleon and then  decreased 

mcnetcn ica l ly  down t o  t h e  lowest measured e n e r g i e s  of  approximately 20 

MeV/nucleon. 

and on OGO I. Through t h e  combined ba l loon  and s a t e l l i t e  o b s e r v a t i o n s ,  

s t a t i s t i c a l l y  s i g n i f i c a n t  d e t a i l e d  informat ion  on t h e  behavior  o f  t h e  

cosmic r a y  charge and energy spectrum h a s  t h u s  been obta ined .  

I n s t e a d  of  measuring a p a r t i c l e ' s  range,  

Background produced w i t h i n  t h e  

Pro ton  and a lpha  p a r t i c l e  

I d e n t i c a l  d e t e c t o r s  were i n s t a l l e d  on IMP'S I1 and 111, 

The improved q u a l i t y  of t he  d a t a  h a s  permi t ted  a more d e t a i l e d  

a n a l y s i s  o f  t h e  s o l a r  modulation mechanism. A number of t h e o r e t i c a l  

models f o r  t h e  s o l a r  modulation have been presented .  P a r k e r ' s  model, 
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involv ing  d i f f u s i o n  and outward convect ion of  g a l a c t i c  cosmic r a y s  by 

i r r e g u l a r i t i e s  i n  t h e  s o l a r  magnetic f i e l d ,  h a s  perhaps rece ived  t h e  

most a t t e n t i o n .  The s i m p l e s t  form of  t h e  model p r e d i c t s  a v e l o c i t y  

dependent modulation, a t  least  a t  lower e n e r g i e s  where t h e  scale s i z e  

of t h e  magnetic i r r e g u l a r i t i e s  exceeds t h e  p a r t i c l e s '  r a d i u s  of g y r a t i o n  

i n  t h e  s o l a r  f i e l d .  I n  f a c t ,  t h e  v e l o c i t y  s p e c t r a  of pro tons  and a lphas  

a t  low energ ies  appear t o  be i d e n t i c a l  when a p p r o p r i a t e l y  normalized. A 

more d e t a i l e d  a n a l y s i s  by Gloeckler  [1965] of t h e  t i m e  v a r i a t i o n  of t h e  

a l p h a  p a r t i c l e  spectrum revea led  a v e l o c i t y  dependent modulation below 

100 MeV/nucleon. The Goddard group [ Balasubrahmanyan, e t  a l .  , 19661 

h a s  r e p o r t e d  agreement wi th  P a r k e r ' s  model, u s i n g  t h e  t h i c k  s c a t t e r i n g  

c e n t e r  approximation, up t o  approximately 1 BeV.  Many a s p e c t s  of t h e  

r e c e n t  d a t a  a re  s t i l l  n o t  f u l l y  understood.  A t  p r e s e n t ,  s u f f i c i e n t l y  

a c c u r a t e  d a t a  exis ts  cover ing  a per iod  of on ly  two o r  t h r e e  y e a r s  near  

s o l a r  minimum. One cannot ,  t h e r e f o r e ,  be c e r t a i n  t h a t  t h e  conclus ions  

drawn w i l l  be v a l i d  over t h e  e n t i r e  s o l a r  c y c l e .  The c o n t i n u a t i o n  of 

s i m i l a r  observa t ions  up t o  and beyond t h e  next  s o l a r  maximum i s  t h e r e f o r e  

of primary importance. 

A s  was s t a t e d  ea r l i e r ,  t h e  low energy cosmic r a y s  are p a r t i c u l a r l y  

s e n s i t i v e  t o  s o l a r  modulation. With t h i s  i n  mind a d e t e c t o r  designed t o  

measure t h e  i n t e n s i t y  of  cosmic r a y s  i n  t h e  20-80 M e V  i n t e r v a l  w a s  flown 

i n  a s e r i e s  of ba l loon  f l i g h t s  beginning i n  1961 and ending i n  1965, t h u s  

provid ing  a monitor of t h e  low energy cosmic r a y  i n t e n s i t y  over  a major 

p o r t i o n  of  t he  s o l a r  c y c l e .  The e a r l y  b a l l o o n  f l i g h t s  a l s o  provided 

d e s i g n  d a t a  for t h e  l a t e r  s a t e l l i t e  f l i g h t s .  

The d e t e c t o r  i s  o f  t h e  dE/dx and E type  and i s  e s s e n t i a l l y  i d e n t i c a l  
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t o  t h a t  used by McDonald and co-workers on t h e  IMP and OGO s a t e l l i t e s .  

The s a t e l l i t e  v e r s i o n  of  t h e  d e t e c t o r ,  of course ,  h a s  i n h e r e n t  advantages 

over a balloon-borne experiment i n  t h a t  i t  i s  f r e e  from background due t o  

secondar ies  produced i n  t h e  atmosphere above t h e  ba l loon .  However, t h e  

f i r s t  s a t e l l i t e ,  IMP I ,  c a r r y i n g  t h i s  experiment w a s  n o t  launched u n t i l  

November, 1963. Consequently,  t h e  ba l loon  d a t a ,  which cover a l a r g e r  

p o r t i o n  of  t h e  s o l a r  c y c l e  a r e  expected t o  provide more informat ion  on 

long-term t i m e  v a r i a t i o n s  than  a t  p resent  can be obta ined  from t h e  s a t e l l i t e  

d a t a .  

While s p e c i f i c a l l y  designed t o  provide monitor t h e  low energy primary 

cosmic r a y  i n t e n s i t y ,  t h e  s e r i e s  of ba l loon  f l i g h t  experiments a l s o  y i e l d e d  

informat ion  on o t h e r  a r e a s  of i n t e r e s t .  I n  a d d i t i o n  t o  t h e  d a t a  on low 

energy p r i m a r i e s  w e  s h a l l  p r e s e n t  i n  t h e  fol lowing c h a p t e r s  d a t a  p e r t a i n -  

i n g  t o  t h e  r e - e n t r a n t  albedo and t o  t h e  product ion  of  secondary pro tons ,  

d e u t e r o n s ,  and t r i t o n s  i n  t h e  e a r t h ' s  atmosphere. S p e c i f i c a l l y :  

1. Data w i l l  be presented  on t h e  t i m e  v a r i a t i o n  of t h e  pro ton  and helium 

i n t e n s i t i e s  a t  85 MeV/nucleon from 1961 t o  1965. We s h a l l  show t h a t  t h e  low 

energy  i n t e n s i t y  i s  indeed a n t i - c o r r e l a t e d  wi th  s o l a r  a c t i v i t y ,  and t h a t  

t h e r e  does n o t  appear t o  be any quiescent  s o l a r  p a r t i c l e  c o n t r i b u t i o n  a t  

least  as f a r  back as 1961. 

2 .  I n  o r d e r  t o  extend t h e  energy response a new v e r s i o n  of t h e  d e t e c t o r  

w a s  developed and flown f o r  t h e  f i r s t  t i m e  i n  1965. We s h a l l  p r e s e n t  a 

cosmic r a y  a l p h a  p a r t i c l e  spectrummeasured by t h i s  d e t e c t o r  i n  1965. 

The f r a c t i o n a l  change i n  i n t e n s i t y  i n  t h e  80 t o  500 MeV/nucleon i n t e r v a l  

from 1963 t o  1965 w i l l  be examined and compared wi th  t h e  p r e d i c t i o n s  of 

t h e  v a r i o u s  s p e c i a l  c a s e s  of Parker ' s  model of t h e  s o l a r  modulation. We 
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shall show that no single case appears to provide a consistent fit to 

all the data. 

3 .  We shall derive a completely empirical atmospheric secondary spect- 

rum based on simultaneous balloon and satellite measurements using the 

same detector of the low energy intensity. A s  part of the balloon flight 

series, several flights were made at lower latitudes where the geomagnetic 

cutoff is well above the maximum energy acceptable by the detector. Using 

the results from these flights combined with our empirical atmospheric 

secondary spectrum, we will place an upper bound on the re-entrant albedo 

intensity that is significantly smaller than the absolute intensities 

given by other experimentors. 

4 .  Finally, data on the production of deuterium and tritium in the 

earth's atmosphere will be presented. Our experimental result for the 

tritium production rate will be compared with the theoretical results of 

other workers, and the question of the tritium balance in the earth's 

atmosphere will be discussed. 

-4  



11. EXPERIMENTAL PROCEDURE 

A .  The dE/dx and E Technique. 

We now a s k ,  what requirements m u s t  be met by an experiment intended 

t o  measure the i n t e n s i t y  and composition of low energy cosmic r a y s ?  

Under the most favorable  cond i t ions  - i . e .  a t  s o l a r  minimum - the  cosmic 

ray  n u c l e i  w i th  ene rg ie s  l e s s  than 100 MeV/nucleon comprise l e s s  than 5% 

of the t o t a l  cosmic r a d i a t i o n .  We m u s t  t h e r e f o r e  c o n s t r u c t  a d e t e c t o r  

capable  of i d e n t i f y i n g  these  low energy p a r t i c l e s  i n  the presence of a much 

more i n t e n s e  and h ighe r  energy background r a d i a t i o n .  

I n  n e a r l y  a l l  experiments designed t o  measure low energy i n t e n s i t i e s ,  

the i n c i d e n t  p a r t i c l e  l o s e s  p a r t  o r  a l l  of i t s  energy by i o n i z a t i o n  i n  

the  d e t e c t o r .  This  energy l o s s  i s  then measured by a v a r i e t y  of tech-  

n iques ;  e . g . ,  l i g h t  emission from a s c i n t i l l a t o r ,  o r  a c u r r e n t  pu l se  from 

a s o l i d  s t a t e  d e t e c t o r .  It is p o s s i b l e ,  however, f o r  a p a r t i c l e  t o  l o s e  

energy by a nuc lea r  i n t e r a c t i o n  wi th in  the  d e t e c t o r ;  and a h ighe r  energy 

p a r t i c l e  producing such a spur ious  event  could be i n c o r r e c t l y  i d e n t i f i e d  

a s  a low energy p a r t i c l e .  This  problem becomes important when the  high 

energy i n t e n s i t y  i s  much l a r g e r  than the  low energy i n t e n s i t y .  

The measurement of a s i n g l e  parameter ( e . g .  energy,  energy l o s s  r a t e ,  

range)  i s  no t  s u f f i c i e n t  t o  determine the  charge and mass of a low energy 

p a r t i c l e .  For example, a slow proton might have the same energy l o s s  r a t e  

a s  a f a s t  a lpha  p a r t i c l e .  I n  genera l ,  two o r  more measurements a r e  r equ i r ed .  

Mul t iparameter  a n a l y s i s  has  the  a d d i t i o n a l  advantage of p e r m i t t i n g  d i s c r i m i -  

n a t i o n  a g a i n s t  t he  aforementioned spurious even t s .  I n  the d e t e c t o r  develop- 

ed f o r  t h i s  work, two parameters a r e  measured: the p a r t i c l e ' s  energy l o s s  

r a t e ,  dE/dx, and i t s  t o t a l  energy, E .  The dE/dx and E d e t e c t o r  was f i r s t  

developed f o r  use i n  nuc lear  physics as a convenient  method f o r  doing 

-15- 
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nuc lea r  spectroscopy when d e a l i n g  wi th  d i f f e r e n t  spec ie s  of p a r t i c l e s .  

The energy loss  r a t e  can be expressed i n  t h e  form dE/dx = Z f (v )  = 

Z2g(E/M) 

and M i t s  mass. 

and the energy lo s s  r a t e  becomes dE/dx = [Z gl (M)]g2(E). 

simultaneous measurement of dE/dx and E determines the  va lue  of Z gi(M). 

For the p a r t i c l e s  of i n t e r e s t  h e r e ,  the  value of Z2gl(M) uniquely d e t e r -  

mines the spec ie  of the  p a r t i c l e .  

2 

where E i s  the p a r t i c l e ' s  i nc iden t  energy,  v ,  i t s  v e l o c i t y ,  

The func t ion  g(E/M) can be w r i t t e n  g(E/M) = gl (M)ga (E) 

2 Therefore  the  

2 

Figure  3 i s  an  idea l i zed  drawing of t he  d e t e c t o r .  The dE/dx measure- 

ment i s  accomplished by the  t h i n  upper s c i n t i l l a t o r .  It  i s  then  p o s s i b l e  

t o  s e l e c t  those events  i n  which a p a r t i c l e  s t o p s  i n  the  t h i c k  lower s c i n t i l l -  

a t o r  by demanding an an t i - co inc idence  wi th  the p l a s t i c  guard s c i n t i l l a t o r  

C .  For a n  i n f i n i t e l y  t h i n  upper s c i n t i l l a t o r  of th ickness  Ax the energy 

d e p o s i t i o n  i s  simply LE = d E  Ax, and the energy d e p o s i t i o n  i n  the lower 

s c i n t i l l a t o r  i s  E-AEZE s i n c e  AE i s  i n f i n i t e l y  s m a l l .  

s c i n t i l l a t o r ,  of cour se ,  has  a f i n i t e  t h i ckness  which is  taken  i n t o  account  

a s  fo l lows .  The range of p a r t i c l e  can be w r i t t e n ,  t o  a very good approxi -  

mation i n  the reg ion  of i n t e r e s t ,  as :  

art 
The upper o r  AE 

R ( E )  = c z a 2 - Y  E' (c = c o n s t a n t )  (1)  

The C s I  c r y s t a l s  used i n  t h i s  experiment have a y of 1 . 7 .  A f t e r  

a p a r t i c l e  passes  through the  AE s c i n t i l l a t o r  i t s  energy i s  E-AE and i t s  

range becomes 

R(E-AE) = c Z'I? " ( E - A E ) ~ .  ( 2 )  

It .follows tha t  

R(E)  = A X  + R(E-AE) ,  ( 3 )  

o r  C Z ' d  "Ey = Ax + CZa$ ''(E-AE)y. ( 4  1 

Solv ing  f o r  AE, g ives  

-.. 
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This  func t ion  i s  p l o t t e d  f o r  s eve ra l  d i f f e r e n t  p a r t i c l e s  i n  F igure  4 .  The 

dashed l i n e s  r e p r e s e n t  c h a r a c t e r i s t i c  energy l o s s e s  f o r  p a r t i c l e s  which 

have penet ra ted  the  t h i c k  c r y s t a l .  One can  r e a d i l y  see  t h a t  a unique AE 

v s .  E - AE l i n e  e x i s t s  f o r  each s topping p a r t i c l e  and t h i s  p e r m i t s  r e l i a b l e  

p a r t i c l e  i d e n t i f i c a t i o n .  In  f a c t ,  the  s e p a r a t i o n  of the l i n e s  i s  s u f f i -  

c i e n t l y  l a rge  t h a t  r e s o l u t i o n  of the hydrogen and helium iso topes  can be 

obtained by convent iona l  s c i n t i l l a t o r  techniques .  

B .  The Design of the  Detec tor .  

An i n t e r n a l  view of the de t ec to r  i s  shown i n  F igure  5. Both the  AE 

and E - AE s c i n t i l l a t o r s  a r e  CsI(T1) c r y s t a l s  chosen f o r  t h e i r  h igh  d e n s i t y ,  

r e l a t i v e l y  l i n e a r  l i g h t  ou tpu t ,  non-hygroscopic n a t u r e ,  an3 good mechanical 

p r o p e r t i e s .  

chosen t h a t  an  e a s i l y  measurable l i g h t  ou tpu t  and accep tab le  r e s o l u t i o n  

would be a t t a i n e d  f o r  the  minimum value of AE. A p a r t i c l e  whose range 

equa l s  the sum of the  th icknesses  of t he  AE s c i n t i l l a t o r  and the l i g h t  

b a f f l e  s e p a r a t i n g  the  two c r y s t a l s  ( s ee  F igure  5 ) w i l l  have the minimum 

The th ickness  of the  upper s c i n t i l l a t o r  ( .45  gm/cm2) was so 

measurable  energy. For protons t h i s  is  approximately 15 MeV. The maxi- 

iiiiltii d e t e c t a b l e  energy Ls d e t e r m i n e d  by thp th i ckness  of the E - AE s c i n t i l l -  

a t o r  (9 gm/cm’). 

capab le  of measuring pro tons  i n  roughly the  15-80 MeV i n t e r v a l .  S i m i l a r l y  

For p ro tons ,  t h i s  i s  79.3 MeV. Thus we have a d e t e c t o r  

the  d e t e c t o r  i s  s e n s i t i v e  t o  e l e c t r o n s  i n  the  3-12 MeV i n t e r v a l ,  deuterons  

i n  t h e  20-106 MeV i n t e r v a l ,  t r i t o n s  i n  the  24-126 MeV i n t e r v a l ,  and a lphas  

i n  t h e  60-320 MeV i n t e r v a l .  

The C s I  s c i n t i l l a t o r s  a r e  each 5 cm i n  diameter  and separa ted  by a 
2 

d i s t a n c e  of 10 cm. This  resu l t s  in a geometry f a c t o r  of 3.3 c m  - s t e r a d i a n  
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a t  15 MeV/nucleon and 2 . 2  cm2-steradian a t  80 MeV/nucleon. 

mum angle  of acceptance,  26 degrees ,  r e s u l t s  i n  an average pa th  l eng th  

v a r i a t i o n  i n  the d e t e c t o r  of approximately 3%. 

The maxi- 

Each of the s c i n t i l l a t o r s  is  viewed by an RCA 7151 pho tomul t ip l i e r .  

The AE and E - AE phototubes a r e  removed from the pa th  of a p a r t i c l e  e n t e r -  

ing the  d e t e c t o r  i n  o rde r  t o  minimize the  amount of m a t e r i a l  t r ave r sed  by 

the p a r t i c l e .  I t  w a s  found t h a t  a coa t ing  of h igh ly  r e f l e c t i v e  white  p a i n t  

(Ti02 base)  on the inne r  w a l l s  of the d e t e c t o r  housing gave the  b e s t  

r e s o l u t i o n .  An e f f e c t i v e  i n t e g r a t i o n  c a v i t y  f o r  the  l i g h t  from the  s c i n t -  

il l a  t o r  i s  thus formed . 
C .  The F l i g h t  C i r c u i t r y .  

The f l i g h t  c i r c u i t r y  has  undergone a gradual  evo lu t ion  s t a r t i n g  i n  

1961 wi th  the  e a r l i e s t  v e r s i o n ,  termed the  "Mark I", and ending wi th  the  

"Mark VII" i n  1965. The Mark I and Mark 11 vers ions  a r e  not  s i g n i f i c a n t l y  

d i f f e r e n t  and w i l l  be discussed he re  as one s i n g l e  c o n f i g u r a t i o n .  The 

MarkIV through Mark V I 1  ve r s ions  a r e  a l s o  q u i t e  s i m i l a r  and w i l l  be d i s c u s s -  

ed i n  the  next  c h a p t e r  i n  connect ion wi th  t h e  modified d e t e c t o r .  

A block diagram f o r  the M a r k I a n d I I c i r c u i t r y  packages is  shown i n  

Figure 6.  The ou tpu t s  of each of the  RCA 7151 photobubes viewing the 

A (AE)  and B (E - AE) s c i n t i l l a t o r s  a r e  a m p l i f i e d ,  shaped,  and s e n t  i n t o  

each of two 128 channel pu l se  h e i g h t  a n a l y z e r s .  These ana lyze r s  t y p i c a l l y  

have i n t e g r a l  l i n e a r i t i e s  b e t t e r  than 1%. It i s  r equ i r ed  t h a t  a n  AB coin-  

c idence occur  before  the pu l se  he igh t  a n a l y s i s  can  take  p l a c e .  The 14 b i t s  

of in format ion  from the  two pu l se  he igh t  a n a l y z e r s  a r e  t h e n  recorded i n  16 

t r a c k  magnetic t ape .  The output  of t he  C p l a s t i c  an t i - co inc idence  s h i e l d  

(Figure 3)  i s  s e n t  i n t o  a d i s c r i m i n a t o r  wi th  a th re sho ld  cor responding  t o  

a few t e n t h s  of a n  M e V  of  energy l o s t  i n  t he  C s c i n t i l l a t o r .  The 
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d i s c r i m i n a t o r  ou tput  i s  then a l s o  recorded on the  magnetic t a p e .  Those 

events  having a non-zero record ing  from the  p l a s t i c  an t i -co inc idence  

s c i n t i l l a t o r  can be i d e n t i f i e d  i n  the subsequent d a t a  a n a l y s i s .  Thus, we 

can  l i m i t  our a n a l y s i s  only t o  events  of t he  type ABE. 

I n  order  t o  i n c r e a s e  t h e  dynamic range of t h e  c i r c u i t r y  a g a i n  

switching procedure was incorporated.  I n  a l t e r n a t e  t i m e  per iods  the  g a i n  

was changed between two v a l u e s  d i f f e r i n g  roughly by a f a c t o r  of 5.  The 

h i g h  g a i n  mode was a d j u s t e d  t o  optimize t h e  p o s i t i o n  of t h e  pro ton  and 

e l e c t r o n  d i s t r i b u t i o n s ,  and t h e  low g a i n  mode was a d j u s t e d  t o  opt imize t h e  

p o s i t i o n  of t h e  a lpha  p a r t i c l e  l i n e .  The occurrence of a g a i n  change was 

recorded by s i m u l a t i n g  a n  event  f a l l i n g  i n  t h e  64th channel of t h e  A and 

B p u l s e  h e i g h t  a n a l y z e r s .  The p r o b a b i l i t y  of a r e a l  event  f a l l i n g  i n  t h i s  

p a r t i c u l a r  p a i r  of  channel  numbers i s  q u i t e  s m a l l .  Also,  t h e  g a i n  change 

markers occur a t  r e g u l a r l y  spaced t i m e  i n t e r v a l s  throughout t h e  f l i g h t .  

Thus,  t h e  p r o b a b i l i t y  of confusing a r e a l  event  w i t h  a g a i n  change marker 

i s  minimized. 

The magnetic tape was run a t  a c o n s t a n t ,  wel l - regula ted  speed of 10 

inches  p e r  minute throughout t h e  e n t i r e  d u r a t i o n  of t h e  f l i g h t .  The s i z e  

of t h e  t ape  r e e l  permi t ted  d a t a  accumulation f o r  a per iod of about  18 

h o u r s ,  p rovid ing  a comfortable margin i n  excess  of the average f i i g h t  

d u r a t i o n  of 10 t o  15 hours .  Time r e s o l u t i o n  was obtained by simply 

measuring t h e  d i s t a n c e  a l o n g  t h e  t ape  t o  where t h e  event  occur red .  I n  

a d d i t i o n  the  g a i n  change marker was used a s  a cons is tency  check. 

swi tch ing  occurs  a t  known and c o n s t a n t  t i m e  i n t e r v a l s  throughout t he  

f l i g h t  and thus provides  independent t iming information.  

D .  The Modified Detec tor .  

Gain 

I n  1965, t h e  l a s t  year  o f  the b a l l o o n  f l i g h t  ser ies  repor ted  h e r e ,  a 
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modified v e r s i o n  of the dE/dx and E d e t e c t o r  w a s  flown f o r  the  f i r s t  t i m e .  

The phys ica l  c o n s t r u c t i o n  of the d e t e c t o r  i t s e l f  remained e s s e n t i a l l y  un- 

changed except  f o r t h e  a d d i t i o n  of a t h i r d  CsI(T1) s c i n t i l l a t o r  d i r e c t l y  

behind the t h i c k  E - AE s c i n t i l l a t o r  ( B ) .  The s c i n t i l l a t o r  c o n f i g u r a t i o n  

f o r  t h e  modified d e t e c t o r  i s  shown i n  Figure 7 .  The added C s I  s c i n t i l l a t o r  

and the  a l t e r e d  p l a s t i c  an t i -co inc idence  s h i e l d  a r e  both viewed by the  same 

phototube. A phoswitch is  used t o  d i s t i n g u i s h  between the  slow l i g h t  

pu l se s  from the C s I  and the  f a s t  pu l se s  from the  p l a s t i c .  A t h i r d  p u l s e  

h e i g h t  ana lyzer  has  a l s o  been added t o  measure the  l i g h t  ou tput  from the 

a d d i t i o n a l  CsI  s c i n t i l l a t o r .  

A s  with  the o r i g i n a l  ve r s ion  of the d e t e c t o r ,  a l l  events  producing 

an AB coincidence a r e  recorded .  The va r ious  p o s s i b l e  types of accep tab le  

events  a r e  l a b e l l e d  ( l ) ,  ( 2 ) ,  and ( 3 )  i n  F igure  7 .  T r a j e c t o r y  (1) i s  

cha rac t e r i zed  by an  output  i n  the ze ro th  channel  of the  C pu l se  h e i g h t  

ana lyze r .  This  is j u s t  the  dE/dx and E o r  s topping  p a r t i c l e  mode of 

ope ra t ion  of t he  d e t e c t o r .  T r a j e c t o r y  ( 2 )  w i l l  have a non-zero r eco rd ing  

i n  the  C pu l se  he igh t  ana lyze r  bu t  w i l l  have a zero  ou tpu t  from the  pho- 

swi t ch ;  t h i s  corresponds t o  the  p e n e t r a t i n g  p a r t i c l e  mode of o p e r a t i o n .  

T ra j ec to ry  ( 3 )  has a non-zero output  from the phoswitch and i s  r e j e c t e d  i n  

the  subsequent d a t a  a n a l y s i s .  

To understand the response of t h e  d e t e c t o r  t o  p e n e t r a t i n g  p a r t i c l e s ,  

r e f e r  back t o  F igure  4. It w i l l  be r e c a l l e d  t h a t  t he  s o l i d  l i n e s  r ep resen ted  

the  energy l o s s e s  r e s p e c t i v e l y  i n  the  A and B c r y s t a l s  under t h e  r e s t r i c t -  

ion  t h a t  the  p a r t i c l e  stopped i n  the  B c r y s t a l .  

r e s t r i c t i o n  and a l low the  p a r t i c l e  t o  p e n e t r a t e  the  t h i c k  c r y s t a l  we o b t a i n  

the  dashed curves shown i n  F igure  4 .  

r a p i d l y  inc reases  wi th  dec reas ing  energy ,  a p a r t i c l e  s topp ing  i n  the  t h i c k  

I f  we now r e l a x  t h i s  

s i n c e  the  energy l o s s  r a t e  dE/dx 
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c r y s t a l  w i l l  l o s e  most of i t s  energy nea r  the  end of i t s  t r a j e c t o r y .  I f  

the p a r t i c l e  i s  allowed t o  p e n e t r a t e  t he  t h i c k  c r y s t a l  t h i s  h igh  dE/dx 

reg ion  no longer  c o n t r i b u t e s  t o  t h e  energy l o s s  i n  the  t h i c k  c r y s t a l .  

Consequently the energy depos i ted  i n  t he  t h i c k  s c i n t i l l a t o r  a b r u p t l y  begins  

t o  decrease  r a p i d l y .  This  then causes  the  sharp  r e v e r s a l  of the  curves 

shown i n  Figure 4 .  

The curves f o r  bo th  downward and upward moving p e n e t r a t i n g  p a r t i c l e s  

a r e  reproduced i n  F igure  8 .  The s o l i d  l i n e s  i n  t h i s  f i g u r e  a r e  i d e n t i c a l  

t o  the  dashed l i n e s  i n  Figure 4 .  The l a b e l  E - bE has  been r e t a i n e d  on 

the  h o r i z o n t a l  a x i s  f o r  s i m p l i c i t y .  It  m u s t  be remembered however, t h a t  

the  p a r t i c l e  i s  no longer  s topping  i n  the  t h i c k  c r y s t a l .  The a lpha  

p a r t i c l e  i n c i d e n t  energy i n  MeV/nucleon i s  denoted by t h e  numbers a long  the 

a l p h a - p a r t i c l e  l i n e .  One sees  t h a t  t he  curves f o r  upward and downward 

moving p a r t i c l e s  converge a s  t h e  inc iden t  energy inc reases  and e v e n t u a l l y  

become i d e n t i c a l  a t  ene rg ie s  corresponding t o  minimum i o n i z a t i o n .  O f  

c o u r s e ,  t he  l i n e s  shown i n  F igure  8 a r e  i d e a l i z , a t i o n s .  In  r e a l i t y  the  

v a l u e s  of LIE and E - AE w i l l  be s c a t t e r e d  about  t hese  l i n e s  d u e  t o  s t a t i s t i c a l  

f l u c t u a t i o n s  i n  energy l o s s  and l i g h t  ou tpu t .  D i s t r i b u t i o n  widths  range 

from a s  l i t t l e  a s  3% FWHM f o r  s topping p a r t i c l e s  t o  a s  much a s  40% FWHM 

f o r  e n e r g e t i c  p e n e t r a t i n g  p a r t i c l e s .  This  broadening has  the  e f f e c t  of 

making the l i n e s  f o r  upward and downward moving p a r t i c l e s  converge a t  

e n e r g i e s  cons iderably  l e s s  than minimum i o n i z a t i o n .  I n  the  presence of 

bo th  downward and upward moving p a r t i c l e s  an upper l i m i t  i s  thus  imposed 

on e n e r g i e s  measurable by the  d e t e c t o r .  

The exac t  va lue  of t h i s  upper l i m i t  w i l l  vary wi th  the type of 

p a r t i c l e  under c o n s i d e r a t i o n .  Heavier p a r t i c l e s  w i l l  d e p o s i t  more energy 

i n  t h e  s c i n t i l l a t o r s  than l i g h t  p a r t i c l e s  and consequent ly  w i l l  be more 
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e a s i l y  reso lved .  One thus expec ts  a h ighe r  upper l i m i t  f o r  heavy p a r t i c l e s .  

An a d d i t i o n a l  d i f f i c u l t y  i s  presented  by the  f a c t  t h a t  t h e  a lpha  p a r t i c l e  

minimum i o n i z a t i o n  p o i n t  l i e s  very c l o s e  t o  the  pro ton  l i n e .  

w i l l  a l s o  e x i s t  f o r  ad jacen t  p a i r s  of l i n e s  f o r  heav ie r  p a r t i c l e s .  There 

w i l l  thus  be a n  i n c i d e n t  energy i n t e r v a l  f o r  each type of p a r t i c l e  i n  

which the  p a i r s  of l i n e s  w i l l  no t  be sepa rab le .  

Such an e f f e c t  

These d i f f i c u l t i e s  a r e  p a r t i a l l y  solved by using a t h i r d  a v a i l a b l e  

parameter ,  namely the  ou tpu t  of t he  C C s I  s c i n t i l l a t o r .  Prev ious ly  i t  

was only poss ib l e  t o  ana lyze  the d a t a  i n  a two dimensional  r e p r e s e n t a t i o n .  

With the th i rd  parameter provided by the  C c r y s t a l  a t h r e e  dimensional  

a n a l y s i s  becomes p o s s i b l e .  The background becomes d i s t r i b u t e d  over  a t h r e e  

dimensional  space in s t ead  of being compressed i n t o  a p lane  and thus  is  

more e a s i l y  s epa rab le  from t r u e  events .  S i m i l a r l y ,  upward and downward 

moving p a r t i c l e s  and a d j a c e n t  p a i r s  of l i n e s  a r e  more e a s i l y  d i s t i n g u i s h e d .  

It i s ,  of cour se ,  d i f f i c u l t  t o  c o n s t r u c t  a t h r e e  dimensional  d i s p l a y  

of the d a t a .  An a l t e r n a t i v e  approach having a s i m i l a r  e f f e c t  i s  t o  use the  

t h i r d  parameter t o  impose cons is tency  c r i t e r i a  on the  d a t a  and then d i s p l a y  

i t  i n  a two-dimensional a r r a y .  For a g iven  type of p a r t i c l e  t he  o u t p u t s  

of the  A and B s c i n t i l l a t o r s  uniquely determine ( n e g l e c t i n g  s t a t i s t i c a l  

f l u c t u a t i o n s )  the  output  of the  C s c i n t i l l a t o r .  Thus f o r  an  event  

producing a g iven  ( A ,  B )  coo rd ina te  p a i r ,  one can r e q u i r e  t h a t  t he  C 

coord ina te  be wi th in  c e r t a i n  s u i t a b l y  chosen l i m i t s  about  t he  t h e o r e t i c a l l y  

p r e d i c t e d  value.  

t r u e  even t s  were r e j e c t e d .  However, s i n c e  the  background d i s t r i b u t i o n  i s  

much broader  than the  d i s t r i b u t i o n s  o f  t he  c h a r a c t e r i s t i c  p a r t i c l e  l i n e s ,  

a s u b s t a n t i a l  r educ t ion  i n  background was achieved .  

Very broad l i m i t s  e 40%) were used t o  i n s u r e  t h a t  no 
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A block diagram of t h e  Mark V I 1  c i r c u i t r y  package i s  shown i n  

F igure  9 .  I n  t h i s  v e r s i o n  t h r e e  512 channel  p u l s e  h e i g h t  ana lyzers  a r e  

used. S u f f i c i e n t  dynamic range i s  thus  a v a i l a b l e  s o  t h a t  ga in  swi tch ing  

i s  n o t  necessary .  The p u l s e  rise-time d i s c r i m i n a t o r  (phoswitch) has  a l s o  

been designed t o  o p e r a t e  over a wide dynamic range of p u l s e  h e i g h t .  It i s  

no t  a s tandard  i t e m  and h a s  s e v e r a l  unique f e a t u r e s  worthy of mention h e r e .  

A schematic diagram of t h e  pulse  rise-t ime d i s c r i m i n a t o r  i s  shown i n  

F igure  10. P o s i t i v e  p u l s e s  from the  t e n t h  dynode of t h e  C phototube a r e  

s e n t  i n t o  an i s o l a t i n g  s t a g e  (41,42) and then  d i f f e r e n t i a t e d .  The 

d i f f e r e n t i a t e d  p u l s e  i s  then  passed through t h r e e  s t a g e s  of a m p l i f i c a t i o n  

wi th  a t o t a l  g a i n  of 1000. A t  each a m p l i f i c a t i o n  s t a g e ,  diode l i m i t i n g  

i s  used t o  prevent  p u l s e  widening f o r  very  l a r g e  input  p u l s e s .  The ou t -  

p u t  of  t h e  l a s t  a m p l i f i c a t i o n  s t a g e  i s  t h e n  fed i n t o  a double p u l s e  

monostable (411,412) .  This  c i r c u i t  g e n e r a t e s  a p o s i t i v e  0 . 3  v o l t ,  100 

nanosecond p u l s e  a t  t h e  lead ing  edge of  t h e  d i f f e r e n t i a t e d  input  p u l s e  and 

a n e g a t i v e  0 . 3  v o l t ,  100 nanosecond p u l s e  a t  t h e  zero  c rossover  p o i n t  of 

t h e  i n p u t  p u l s e .  The p o s i t i v e  p o r t i o n  of t h e  output  of t h e  double p u l s e  

monostable i s  then  ampl i f ied  (413,414) and d i f f e r e n t i a t e d  (C32,R57). The 

n e g a t i v e  p o r t i o n  of t h i s  d i f f e r e n t i a t e d  p u l s e  i s  used t o  d r i v e  a s i n g l e  

p u l s e  monostable (415,416) which generaces a s tandard  p u l s e  .75 I-ilisroseconda 

wide.  This  p u l s e  and t h e  nega t ive  100 nanosecond p u l s e  from t h e  double 

p u l s e  monostable are fed i n t o  a diode AND g a t e  (CR6,CR7). For a f a s t  

( p l a s t i c )  i n p u t  p u l s e  t h e  nega t ive  p o r t i o n  of t h e  output  of  t h e  double 

p u l s e  monostable occurs  l e s s  than .75 p s e c  a f t e r  t h e  s tandard ized  p u l s e  

g e n e r a t e d  by 415,416. I f  t h e  input  p u l s e  i s  slow ( C s I )  no coincidence 

w i l l  o c c u r .  The output  of t h e  AND g a t e  i s  f ed  i n t o  another  s i n g l e  p u l s e  

monostable  whose output  i s  then  inve r t ed .  This  ou tput  and t h e  output  
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from t h e  AB coincidence c i r c u i t  a r e  then fed  i n t o  another  AND g a t e  (420,421) .  

Thus an output  from the  pu l se  r i s e  t ime d i s c r i m i n a t o r  i s  obta ined  only  f o r  

an  event  of the type  ABzf, where t h e  s u b s c r i p t  f denotes  a f a s t  p u l s e  

from t h e  C phototube.  Th i s  ou tpu t  i s  then  recorded on magnetic tape  

along wi th  the  p u l s e  he igh t  in format ion  f o r  each e v e n t .  

When a primary p a r t i c l e  undergoes a nuc lea r  i n t e r a c t i o n  w i t h i n  t h e  B 

s c i n t i l l a t o r ,  i t  i s  p o s s i b l e  t h a t  t h e  r e a c t i o n  products  might s imul taneous ly  

d e p o s i t  energy i n  both t h e  p l a s t i c  and C s I  p o r t i o n s  of t he  C s c i n t i l l a t o r .  

It i s  then  poss ib l e  t h a t  t h e  slow component of t h e  l i g h t  from t h e  C s I  might 

overwhelm t h e  fas t  component from t h e  p l a s t i c  and thereby  produce a 

spu r ious  ABzf event .  

i n  t h e  subsequent d a t a  a n a l y s i s  by imposing t h e  cons i s t ency  c r i t e r i a  

d i scussed  e a r l i e r .  

One can ,  however , d i s c r i m i n a t e  a g a i n s t  such even t s  

The l o g i c  c i r c u i t r y  used i n  t h e  Mark V I 1  i s  e s s e n t i a l l y  i d e n t i c a l  t o  

t h a t  used i n  the e a r l i e r  Mark I and I1 c i r c u i t r y  packages.  A s  b e f o r e ,  an 

AB co inc idence  i s  r equ i r ed  t o  open t h e  l i n e a r  g a t e s  and i n i t i a t e  t h e  p u l s e  

h e i g h t  ana lys i s  and record ing  sequence. The ou tpu t  of t h e  t h r e e  p u l s e  

h e i g h t  ana lyzers  and t h e  phoswitch are recorded  on 16 t r a c k  magnetic tape 

i n  t h e  form of two s i x t e e n  b i t  words.  A s  b e f o r e ,  t h e  c o n s t a n t  t ape  speed 

i s  used t o  ob ta in  t i m e  r e s o l u t i o n .  



111. THE BALLOON FLIGHT SERIES 

k 

The d a t a  t o  be d iscussed  he re  were obtained dur ing  a s e r i e s  of 15 

success fu l  ba l loon  f l i g h t s  beginning i n  June,  1961 and ending i n  June ,  

1965. A t o t a l  of 30 launches were made wi th  a success  r a t e  of 50%. Most 

of the f a i l u r e s  were due t o  ba l loon  b u r s t s  u s u a l l y  occuring near  t he  

tropopause where atmospheric  temperatures a r e  lowest .  The ba l loons  used 

a r e  the l a r g e s t  c u r r e n t l y  a v a i l a b l e ,  ranging i n  volume from 3 t o  10 m i l l i o n  

cubic  f e e t  when f u l l y  i n f l a t e d .  This huge su r face  a r e a  of extremely t h i n  

m a t e r i a l  (u sua l ly  % t o  1 m i l .  po lye thylene)  r ep resen t s  a very f r a g i l e  

s t r u c t u r e .  During the a s c e n t  a ba l loon ' s  volume commonly expands by a 

f a c t o r  of 300. S t r e s s e s  occuring du r ing  t h i s  expansion and unfo ld ing  a r e  

a l i k e l y  cause of ba l loon  f a i l u r e ,  

Since ou r  d a t a  were recorded on magnetic tape  and no te lemet ry  was 

used,  i t  was e s s e n t i a l  t o  recover  t h e  ba l loon  payload a f t e r  cut-down. 

During a t y p i c a l  f l i g h t  a ba l loon  would t r a v e l  a d i s t a n c e  of approximately 

500 mi l e s .  Frequent ly  the impact a r e a  would be i n  extremely d i f f i c u l t  

t e r r a i n .  It  i s  a t r i b u t e  t o  t h e  t r ack ing  and recovery crews t h a t  a l l  

s u c c e s s f u l l y  launched payloads were recovered.  

A summarization of the p e r t i n e n t  f l i g h t  d a t a  i s  presented  i n  Table  I .  

T h e  m a j o r i t y  of the  f l i g h t s  were launched from F o r t  C h u r c h i l l ,  Manitoba 

where the  geomagnetic cu t -o f f  i s  l e s s  than  20 MeV f o r  pro tons .  Since the 

purpose of t hese  f l i g h t s  was t o  monitor the  primary cosmic ray  i n t e n s i t y  

a t  low e n e r g i e s ,  a low geomagnetic cu t -o f f  was r equ i r ed .  Severa l  f l i g h t s  

were made a t  lower geomagnetic l a t i t u d e s  wi th  correspondingly h ighe r  geo- 

magnet ic  c u t o f f s .  

The geomagnetic c u t o f f s  f o r  t he  low l a t i t u d e  f l i g h t s  were a l l  w e l l  

above the maximum energy acceptab le  by the  d e t e c t o r .  Thus the d a t a  obtained 
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TABLE I 

FLIGHT DATA 

Duration - - ~ g .  Floai-ing , ,  Geomagnetic 
L 

F 1 i gh t G e o g r a ph i c 
Numbe: -- 
61-1 

61-2 

62- 1 

62-2 

62-3 

62-4 

63-1 

63-2 

64-1 

64-2 

64- 3 

64-4 

64-5 

65-1 

65-2 

La  t i t lid e 

59 
0 

43.6' 

0 
59 

V 

59 

59O 

5 9O 

0 

59 

0 

59 

59O 

59O 

59O 

0 
44.3 

0 
32 

0 

59 

0 

59 

Locat ion 

t .  Churchi l  
Manitoba 

i o u x  F a l l s ,  
S .  D. 

t .  Churchil  
Manitoba 

' t .  Cliurchil 
Manitoba 

' t .  Churchil  
Manitoba 

' t .  Churchil  
Manitoba 

' t .  Churchil 
Manitoba 

T t .  Churchil 
Man i tob: 

7 t .  Churchi! 
Man i t ob z 

7 t .  Churchi'  
Manitob: 

:t. Churchi. 
Manitoba 

F a i r i b a u l t ,  
Minn. 

Pales t i n e  
Texas  

t .  Churchi l  
Mnni toba 

t .  Churchi l  
Ma n i t oba 

Date a t  A l t i t u d e  A l t i t u d e  (gm/cmc) 

'131161 

105161 

1/18/62 

1/23/62 

5/20/62 

7/15/62 

5/15/63 

j /  24 / 63 

5 1  18 164 

5/21/64 

6/24/64 

6/06/64 

0/17/61. 

6/12/6'  

612316: 

I Iir. 20 min. 

I h r .  30 min. 

) hr. 

.2 lir. 10 min. 

9 h r .  

12 h r .  30 min. 

LO h r .  50 min. 

7 h r .  30 min. 

8 h r .  50 min. 

9 h r .  10 min. 

9 h r .  30 min. 

9 h r .  

10 h r .  30 min,  

10 h r .  30 min 

8 h r .  

3.7 

3.9 

3.9 

4 .O 

3.4 

3 .4  

3.2 

3.8 

3.0 

2 . 7  

3.2 

5.0 

3 .0 

2 . 8  

2 .8  

u t o f f  (BeV) 

.02 

. 9 9  

I .  .02 

.02 

'. .02 

.02 

.- .02 

.- .02 

.02 

. .02 

': .02 

.79 

3.6 

.; -02  

< .02 
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dur ing  these  f l i g h t s  c o n s i s t s  e n t i r e l y  of a tmospheric  secondar ies  and 

r e -en t r an t  a lbedo .  The purpose of t hese  f l i g h t s  was, i n  f a c t ,  t o  o b t a i n  

va lues  f o r  the atmospheric  secondary f l u x  so  t h a t  c o r r e c t i o n s  could be 

app l i ed  t o  the Church i l l  d a t a .  

One can see  from Table I t h a t  f l o a t i n g  a l t i t u d e s  ranging between 

2 . 8  and 5 . 0  gm/cmz of r e s i d u a l  atmosphere were reached.  

of 2 . 8  gm/cm2 i s  c l o s e  t o  the optimum cond i t ion  a t t a i n a b l e  wi th  the 

p r e s e n t l y  a v a i l a b l e  ba l loon  technology. A t y p i c a l  a l t i t u d e  curve i s  

shown i n  F igure  11. One can see t h a t  the  f l o a t i n g  a l t i t u d e  remained 

cons t an t  w i t h i n  a few t en ths  of a gm/cm2. 

The lower l i m i t  

The smoothed sunspot  number and M t .  Washington neut ron  monitor r a t e  

(on an inver ted  s c a l e )  a r e  shown i n  F igure  1 2 .  The d a t e  of each group of 

f l i g h t s  is  denoted by an  arrow. The l e t t e r  and number denote  r e s p e c t i v e l y  

the l o c a t i o n  and number of success fu l  f l i g h t s .  One can see  t h a t  the ba l loon  

f l i g h t  s e r i e s  covered approximately h a l f  of t he  time i n t e r v a l  between s o l a r  

maximum and s o l a r  minimum. During t h i s  per iod  the  M t .  Washington neutron 

monitor  i n t e n s i t y  va r i ed  between approximately 2200 and 2 5 0 0 .  This  i s  

approximately 3 / 5  of the t o t a l  neutron monitor  v a r i a t i o n  observed between 

s o l a r  maximum and s o l a r  minimum. 

Three p o i n t  proton energy spec t r a  were obtained iroui each of the  

f l i g h t s  a t  ene rg ie s  of 2 9 ,  4 8  and 69 MeV.at the  d e t e c t o r .  A s  s t a t e d  

e a r l i e r  the  energy "window" seen by the  d e t e c t o r  i s  2 0 - 8 0  MeV/nucleon. 

The ba l loon  f l i g h t  a l t i t u d e s  were c h a r a c t e r i s t i c a l l y  3-4 gm/cma of 

r e s i d u a l  atmosphere. The 2 0 - 8 0  MeV/nucleon i n t e r v a l  when transformed t o  

t h e  top of the  atmosphere then t y p i c a l l y  becomes 70-100 MeV/nucleon. 

t h e  energy i n t e r v a l  a t  t h e  top of t he  atmosphere i s  so  narrow we have 

Since 
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combined the t h r e e  p o i n t s  measured a t  t h e  d e t e c t o r  i n t o  a s i n g l e  p o i n t  

a t  t h e  top  of t h e  atmosphere. The d a t a  t h e n  c o n s i s t  p r i m a r i l y  of a 

s i n g l e  point  on t h e  primary d i f f e r e n t i a l  energy spectrum wi th  a n  energy 

of approximately 85 MeV/nucleon measured a s  a f u n c t i o n  of t i m e  from 1961 

t o  1965. 

We have y e t  t o  d i s c u s s  t h e  l a r g e s t  c o r r e c t i o n  t o  t h e  pro ton  da ta ,  

namely t h e  atmospheric secondar ies  produced above t h e  d e t e c t o r .  T h i s  

w i l l  be done i n  d e t a i l  i n  Chapter V I .  The procedure adopted c o n s i s t e d  

of f i r s t  s u b t r a c t i n g  t h e  secondary i n t e n s i t y  a t  t h e  a l t i t u d e  of  t h e  

d e t e c t o r  from t h e  t o t a l  i n t e n s i t y  observed a t  t h e  d e t e c t o r .  We t h u s  

obtained the  primary i n t e n s i t y  a t  t h e  d e t e c t o r .  This  i n t e n s i t y  must t h e n  

be m u l t i p l i e d  by t h e  r a t i o  of t h e  width of  t h e  energy i n t e r v a l  a t  t h e  

d e t e c t o r  t o  t h a t  a t  t h e  t o p  of t h e  atmosphere ( t y p i c a l l y  a f a c t o r  of 1 .5)  

t o  o b t a i n  the  i n t e n s i t y  a t  t h e  top  of  t h e  atmosphere. 



I V  . DATA ANALYSIS 

A .  Stopping P a r t i c l e  Analysis  

A s  w a s  mentioned p rev ious ly ,  t h e  r a w  d a t a  from each f l i g h t  a r e  i n  

t h e  form of b ina ry  b i t s  recorded on a 16 t r a c k  magnetic t a p e .  A b u f f e r  

system i s  used t o  conver t  t h e  f l i g h t  t ape  i n t o  one which i s  compatible  

w i t h  t h e  I B M  7094 computer. A v a r i e t y  of computer programs can  then  be 

used t o  read  t h i s  t ape .  

The most u s e f u l  and r evea l ing  format f o r  d a t a  p r e s e n t a t i o n  i s  t h e  

computer generated p l o t  shown i n  Figure 13. This  i s  e f f e c t i v e l y  a p l o t  

of AE v s .  E - A E .  The v e r t i c a l  s c a l e  i s  simply t h e  d i r e c t  unnormalized 

ou tpu t  of t h e  A (AE) pu l se  he igh t  ana lyze r .  S i m i l a r l y  t h e  h o r i z o n t a l  

s c a l e  r e p r e s e n t s  t h e  output  of the B (E - AE) pu l se  he igh t  ana lyze r .  A t  

each p a i r  of coord ina te s  on t h e  p lo t  t h e  t o t a l  number of even t s  dur ing  

a g iven  t i m e  per iod  producing t h a t  p a r t i c u l a r  combination ou tpu t s  of t h e  

A and B pu l se  he igh t  ana lyzers  i s  p r i n t e d .  The p l o t  r e p r e s e n t s  a d i s t r i -  

b u t i o n  func t ion  (p(AE,E - AE) giv ing  t h e  number of events  as  a func t ion  

of AE and E - A E .  Figure  13 con ta ins  t h e  f i r s t  128 channels  of pu l se  

h e i g h t  ana lyzer  d a t a  from f l i g h t  65-1. One can r e a d i l y  d i s t i n g u i s h  a 

p ro ton  l i n e .  The end po in t  of t h i s  l i n e  i s  wel l -def ined .  This  c o r r e s -  

poiids t o  a p ro ton  whzse i n c i d e n t  range equals  t h e  sum of t h e  th i cknesses  

of t h e  A (AE) and t h e  B (E - AE) s c i n t i l l a t o r s  p lus  a very s m a l l  c o n t r i -  

b u t i o n  from t h e  l i g h t  s h i e l d  between t h e  s c i n t i l l a t o r s .  The pro ton  end- 

p o i n t  t hus  provides  an i n - f l i g h t  energy c a l i b r a t i o n  of t h e  d e t e c t o r .  

One can a l s o  without  t oo  much d i f f i c u l t y  r e s o l v e  a deuteron  l i n e  

l y i n g  above t h e  proton l i n e .  A s imple v i s u a l  i n spec t ion  i s  i n s u f f i c i e n t  

t o  determine whether o r  no t  a t r i t o n  l i n e  e x i s t s ,  however, d e t a i l e d  

ev idence  f o r  t h e  presence of t r i t i u m  w i l l  be presented  l a t e r .  

-29- 
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A s i m i l a r  p l o t  con ta in ing  a l l  512 channels  of pu l se  he igh t  ana lyzer  

d a t a  i s  shown i n  F igure  14. The h o r i z o n t a l  and v e r t i c l e  s c a l e s  have both 

been compressed by a f a c t o r  of fou r  r e l a t i v e  t o  F igure  13. 

r e a d i l y  r e so lve  an a lpha  p a r t i c l e  l i n e .  

One can 

For p a r t i c l e s  having t h e  same 

v e l o c i t y  t h e  a lpha  p a r t i c l e  energy l o s s  i s  a f a c t o r  of four  h ighe r  t han  

t h e  proton energy l o s s .  

by a f a c t o r  of four  t h e  a lpha  p a r t i c l e  l i n e  i s  e s s e n t i a l l y  i d e n t i c a l  t o  

the proton l i n e  i n  F igure  13. 

S ince  t h e  s c a l e  i n  F igure  14 has  been compressed 

I n  the  o l d e r  v e r s i o n s  of t h e  c i r c u i t r y  where only 128 channels  were 

a v a i l a b l e  t h i s  compression was accomplished by a ga in  change. T h i s ,  

of course ,  led t o  a sma l l e r  d a t a  accumulation t ime f o r  each type  of p a r t -  

i c l e  and consequent ly  poorer  s t a t i s t i c s .  

1965 permi t ted  s imultaneous a n a l y s i s  of bo th  p ro ton  and a lpha  p a r t i c l e  

f luxes  during t h e  e n t i r e  f l i g h t .  

The improved c i r c u i t r y  used i n  

I n  Figures  13 and 14 i t  i s  apparent  t h a t  t h e r e  i s  a c e r t a i n  amount 

of background d i s t r i b u t e d  over t h e  a r r a y .  The l a r g e  accumulat ion of 

events  i n  t h e  lower l e f t  corner  of F igu re  13 i s  due t o  low energy ( 2 - 1 2  

MeV) e l e c t r o n s  s topping  i n  t h e  d e t e c t o r .  P a r t  of t h e  background i n  t h e  

v i c i n i t y  o f  t h e  proton l i n e  i s  a s s o c i a t e d  wi th  t h e  t a i l  end of t h i s  e l e c t r o n  

d i s t r i b u t i o n .  

a t t r i b u t e d  t o  nuc lea r  i n t e r a c t i o n s  occur r ing  w i t h i n  t h e  d e t e c t o r .  For 

example, a p a r t i c l e  might e n t e r  through t h e  s i d e  of t h e  d e t e c t o r  and pro-  

duce a s t a r  i n  t h e  t h i c k  s c i n t i l l a t o r .  It i s  t h e n  p o s s i b l e  t h a t  one of 

t h e  r e a c t i o n  products  might escape th rough t  t h e  upper s u r f a c e  of t h e  t h i c k  

s c i n t i l l a t o r  and e n t e r  t he  t h i n  s c i n t i l l a t o r .  Such a spu r ious  event  could 

produce an AB: coincidence and be analyzed.  

The remainder of t h e  background seen  i n  t h e  a r r a y  i s  
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During a t y p i c a l  ba l loon  f l i g h t  the p e n e t r a t i n g  p a r t i c l e  r a t e  i s  

approximately f i v e  t imes as l a rge  as t h e  s topping  p a r t i c l e  r a t e .  This  

i s  i n d i c a t i v e  of t h e  s i g n i f i c a n t  p r o b a b i l i t y  of a nuc lear  i n t e r a c t i o n  

occurr ing  w i t h i n  t h e  d e t e c t o r .  

An empi r i ca l  approach has been adopted t o  c o r r e c t  f o r  t h i s  type 

of background produced w i t h i n  the  d e t e c t o r .  F igure  15 i l l u s t r a t e s  

t h e  background c o r r e c t i o n  procedure.  Three mass his tograms a r e  p l o t t e d  

cor responding  t o  d i f f e r e n t  energy i n t e r v a l s .  The his tograms were ob- 

t a i n e d  by c o n s t r u c t i n g  a s e r i e s  of l i n e s  p a r a l l e l  and e q u i d i s t a n t  from 

t h e  proton l i n e  and summing t h e  t o t a l  number of events  between each 

ad jacen t  p a i r  of l i n e s .  The h o r i z o n t a l  s c a l e  i n  F igure  15 is  then  

j u s t  t h e  l i n e  number o r  perpendicular  d i s t a n c e  from t h e  pro ton  l i n e  

i n  a r b i t r a r y  u n i t s .  

A c l e a r l y  reso lved  proton l i n e  i s  seen  i n  a l l  t h r e e  energy i n t e r -  

v a l s .  A d i s t i n c t  v a l l e y  between t h e  p ro ton  and deuteron d i s t r i b u t i o n s  

i s  observed. The dashed l i n e s  i n  each of t h e  his tograms r e p r e s e n t  

an ex tens ion  of t h e  background d i s t r i b u t i o n  through t h e  r eg ion  of t h e  

p ro ton  l i n e .  An upper l i m i t  of approximately 5% of t h e  t o t a l  number 

of protons can be placed on t h i s  t ype  of background c o r r e c t i o n .  We 

w i l l  s e e  l a t e r  t h a t  o the r  much l a r g e r  c o r r e c t i o n s  due t o  atmospheric 

s econdar i e s  must be made. 

To o b t a i n  energy s p e c t r a  a t  t h e  d e t e c t o r  i t  i s  necessary  t o  know 

t h e  i n c i d e n t  energy a s  a func t ion  of l i g h t  ou tput  i n  e i t h e r  t h e  t h i n  

o r  t h e  t h i c k  c r y s t a l .  The energy l o s s  i n  CsI as a func t ion  of i n c i d e n t  

energy i s  w e l l  known. One o f  the most complete compilat ions of range 

and energy l o s s  r a t e  as a func t ion  of energy i s  found i n  t h e  t a b l e s  

of Barkas and Berger [1964] .  These have been used ex tens ive ly  through- 
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out the entire data analysis. 

The light output of CSI as a function of energy loss (dL/dE vs. 

dE/dx) is not as well known. A summary of all the existing experi- 

mental data is presented in a paper by Gwin and Murray [1962]. 

Unfortunately a gap in the dL/dE vs. dE/dx data exists in the region 

of interest for this detector. From an interpolation it is possible 

that a non-linearity of as much as 20% could exist in the light out- 

put of CsI in this region. 

Two items of evidence indicate that the non-linearity in light 

output is small (2 5%). First, the theoretically predicted proton 

line (assuming no non-linearities) is in reasonably good agreement 

with the empirical line. Second, accelerator calibrations of the 

detector have been carried out at the Oak Ridge Isochronous Cyclotron 

(ORIC) and the Harvard cyclotron. These calibrations consisted of 

exposing the detector to monoenergetic proton, deuteron, and alpha part- 

icle beams of varying but known energies. Unfortunately, they were 

not entirely successful, and the information obtained on light output 

non-linearities was incomplete. However, the existing data agrees 

with the original hypothesis that the non-linearities are small. 

The accelerator calibrations also provided information on the 

resolution of the detector at various energies. For stopping protons 

the resolution in the thin scintillator was typically 20% (full width 

at half maximum). The resolution in the thick scintillator at the 

same energies was characteristically 3-5%, except at very low energies 

where it became worse. It is, of course, expected that the resolution 

in the thick scintillator will be better since, first, photon statistics 

are better and, second, the particles are required to stop in the 
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s c i n t i l l a t o r .  For t h i s  reason  the energy l o s s  i n  t h e  t h i c k  c r y s t a l  

was used t o  determine a p a r t i c l e ' s  energy. 

Atmospheric secondar ies  c o n s t i t u t e  t h e  l a r g e s t  source of back- 

ground i n  our  experiment.  These p a r t i c l e s  a r e  produced by c o l l i s i o n s  

of primary cosmic r ays  wi th  a i r  n u c l e i .  Copious q u a n t i t i e s  of low 

energy protons (5  30 MeV) are t h u s  produced due t o  nuc lea r  evapora t ion .  

Owing t o  t h e i r  low e n e r g i e s ,  however, t h e s e  p a r t i c l e s  d o ' n o t  t r a v e l  

very f a r  i n  t h e  atmosphere. The m u l t i p l i c i t y  of h igher  energy r e a c t i o n  

products  i s  sma l l e r  [ s e e ,  f o r  example, Powell ,  Fowler,  and Pe rk ins ,  

19591, but  because of t h e i r  g r e a t e r  range ,  they su rv ive  longer  and 

t h u s  can become a s i g n i f i c a n t  source of background. S ince  t h e  energy 

window of our  d e t e c t o r  i s  20-80 MeV f o r  p ro tons ,  i t  w i l l  be t h e s e  h igher  

energy secondar ies  which make the l a r g e s t  c o n t r i b u t i o n  t o  t h e  background. 

I n  1965 t h e  secondary i n t e n s i t y  a t  3 gm/cm2 w a s  50% of t h e  t o t a l  

p ro ton  i n t e n s i t y  a t  t h e  de t ec to r  i n  t h e  20-80 MeVInucleon i n t e r v a l .  I n  

1961 t h e  secondary c o n t r i b u t i o n  w a s  even l a r g e r ,  80% of t h e  t o t a l  p ro ton  

i n t e n s i t y .  This  l a r g e  c o r r e c t i o n  i s  then  t h e  g r e a t e s t  s i n g l e  c o n t r i -  

b u t i o n  t o  t h e  t o t a l  experimental  u n c e r t a i n t y .  We a r e  confronted  wi th  

a s i t u a t i o n  where we must s u b t r a c t  two i n t e n s i t i e s  which d i f f e r  on ly  

by 20 t o  50%. The f r a c t i o n a l  e r r o r  i n  t h e  d i f f e r e n c e  then  becomes much 

l a r g e r  t han  t h e  f r a c t i o n a l  error i n  e i t h e r  of t h e  o r i g i n a l  i n t e n s i t i e s .  

Cor rec t ions  t o  t h e  s topping a lpha  p a r t i c l e  i n t e n s i t i e s  a r e  some- 

what more s t r a i g h t f o r w a r d .  The sma l l  number of events  ( t y p i c a l l y  30-50 

dur ing  a s i n g l e  f l i g h t )  does not permit  t h e  c o n s t r u c t i o n  of m a s s  h i s t o -  

grams a s  w a s  done f o r  t h e  proton d i s t r i b u t i o n s .  It  i s  expected,  how- 

e v e r ,  t h a t  t h e  a lpha  p a r t i c l e  background produced w i t h i n  t h e  d e t e c t o r  

w i l l  be even sma l l e r  than  the  proton background s i n c e  t h e  t a i l  of t h e  
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e l e c t r o n  d i s t r i b u t i o n  w i l l  not  c o n t r i b u t e .  The i o n i z a t i o n  l o s s  c o r r e c t i o n  

i s  t h e  same as t h a t  f o r  protons when done on an energy/nucleon b a s i s .  

A c o r r e c t i o n  must be made f o r  nuc lea r  i n t e r a c t i o n s  i n  t h e  atmos- 

phere  above t h e  d e t e c t o r .  Two e f f e c t s  must be  cons idered .  F i r s t ,  a 

c e r t a i n  f r a c t i o n  of t h e  primary a lpha  p a r t i c l e s  w i l l  undergo c a t a s t r o p h i c  

i n t e r a c t i o n s  wi th  atoms i n  t h e  atomsphere. This  w i l l  cause a degrad- 

a t i o n  i n  the a lpha  p a r t i c l e  i n t e n s i t y  observed a t  t h e  d e t e c t o r .  

heav ie r  p a r t i c l e s  w i l l  undergo f ragmenta t ion  i n  t h e  atmosphere and a 

c e r t a i n  f r a c t i o n  of t h e s e  i n t e r a c t i o n s  w i l l  produce secondary a lpha  

p a r t i c l e s .  

i n t e n s i t y  a t  t h e  d e t e c t o r .  A number of experimentors  [McDonald, 1956; 

Davis e t  a l . ;  1956; Webber and Ormes, 19633 have measured t h e  a lpha  

p a r t i c l e  i n t e n s i t y  as a f u n c t i o n  of depth i n  t h e  atmosphere and have 

a r r i v e d  a t  an " e f f e c t i v e "  abso rp t ion  mean f r e e  pa th  f o r  a lpha  p a r t i c l e s  

i n  a i r .  

r e s u l t s  from a combination of t h e  two e f f e c t s  d i scussed  above. We have 

' used t h e  va lue  of 52 gm/cm2 obta ined  by Webber and Ormes f o r  c o r r e c t i n g  

Second, 

This  w i l l  c o n t r i b u t e  a smal l  i n c r e a s e  i n  t h e  a lpha  p a r t i c l e  

The a d j e c t i v e  " e f f e c t i v e "  i s  used s i n c e  t h e  mean f r e e  p a t h  

t h e  a lpha  p a r t i c l e  i n t e n s i t y .  

One m u s t  a l s o  cons ide r  t h e  e f f e c t  of a lpha  p a r t i c l e s  undergoing 

nuc lea r  i n t e r a c t i o n s  w i t h i n  t h e  d e t e c t o r  i t s e l f .  The t h i c k n e s s  of t h e  

B s c i n t i l l a t o r  (9 gm/cm2) i s  approximately one t e n t h  of an i n t e r a c t i o n  

mean f r e e  path f o r  a lpha  p a r t i c l e s  i n  CsI. Thus one expec t s  about 5% 

of t h e  inc iden t  a lpha  p a r t i c l e s  t o  i n t e r a c t  i n  t h e  d e t e c t o r ,  s i n c e  on 

t h e  average,  t h e  p a t h  l eng th  of a s topp ing  p a r t i c l e  w i l l  be  approximately 

h a l f  t h e  t o t a l  t h i ckness  of t h e  c r y s t a l .  If an e l a s t i c  c o l l i s i o n  occurs  

t h e  r e s i d u a l  range of t h e  a lpha  p a r t i c l e  w i l l  be  unchanged and t h e  a lpha  

p a r t i c l e  w i l l  very probably l o s e  a l l  of i t s  remaining energy i n  t h e  B 

~ 
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s c i n t i l l a t o r .  If an i n e l a s t i c  c o l l i s i o n  occurs  i t  i s  u n l i k e l y  t h a t  

any of the  charged r e a c t i o n  products w i l l  have ranges l a r g e r  than the  

r e s i d u a l  range of t h e  a lpha  p a r t i c l e .  It i s  p o s s i b l e ,  however, t h a t  

some energy might be c a r r i e d  o f f  by secondary neu t rons ,  s i n c e  they 

would l o s e  no energy due t o  ion iza t ion .  Events of t h i s  t ype ,  how- 

e v e r ,  w i l l  be q u i t e  r a r e ,  and consequently t h e i r  e f f e c t s  w i l l  be neg lec t ed  

i n  t h e  d a t a  a n a l y s i s .  

B .  Pene t r a t ing  P a r t i c l e  Analysis  

A s  wi th  s topping  p a r t i c l e s ,  the  most convenient  method of 

d i sp l ay ing  t h e  d a t a  i s  a computer p l o t  s i m i l a r  t o  those  i n  F igures  13 

and 14. We a r e  now i n t e r e s t e d  i n  p a r t i c l e s  which t r a v e r s e  t h e  CsI 

p o r t i o n  of t h e  C s c i n t i l l a t o r ,  but produce no output  i n  t h e  p l a s t i c  

guard s c i n t i l l a t o r .  Consequently we w i l l  look a t  events  of t h e  type 

ABC 

s c i n t i l l a t o r .  Such a p l o t  i s  shown i n  F igure  16 us ing  t h e  d a t a  from 

f l i g h t  65-1. This  i s  a 128 by 128 channel  p l o t  which i s  only  1/16 of 

t h e  t o t a l  a r r a y  ( s i n c e  512-channel pu l se  he igh t  ana lyze r s  w e r e  used 

i n  1965) .  The dominant f e a t u r e  i s  t h e  c l u s t e r i n g  of events  about a 

l i n e  which g radua l ly  r i s e s  as one moves along the  h o r i z o n t a l  a x i s .  

where t h e  s u b s c r i p t  p r e f e r s  t o  t h e  p l a s t i c  p o r t i o n  of t h e  C 
P 

-nL L I I L S  I i s  t h e  h igh  energy porticn sf the  p e n e t r a t i n g  a lpha  parttcle line. 

T o  understand t h i s  more f u l l y  we r e f e r  back t o  F igure  4 .  The empi r i ca l  

l i n e  i n  F igu re  16 then  corresponds t o  a segment of t h e  dashed p o r t i o n  

of t h e  a lpha  p a r t i c l e  l i n e  i n  Figure 4 .  

i n c l u d e s  a lpha  p a r t i c l e s  w i th  energ ies  g r e a t e r  t han  200 MeV/nucleon. 

R e f e r r i n g  t o  F igure  8 , we s e e  the l o c a t i o n  of t h e  p e n e t r a t i n g  pro ton  

l i n e  r e l a t i v e  t o  t h e  p e n e t r a t i n g  a lpha  p a r t i c l e  l i n e .  The proton l i n e  

i n  F igure  16 i s  thus  completely obscurred by t h e  high dens i ty  of events  

This  p o r t i o n  of t h e  a r r a y  
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i n  t h e  lower p o r t i o n  of t h e  p l o t .  

extremely d i f f i c u l t  by an in s t rumen ta l  e f f e c t  ( t o  be d iscussed  l a t e r )  

which caused high background i n  t h e  r eg ion  of t h e  proton l i n e ,  and a l s o  

by t h e  poor r e s o l u t i o n  a t  high ene rg ie s  due t o  s t a t i s t i c a l  f l u c t u a t i o n  

i n  l i g h t  output  and energy l o s s .  For t h i s  reason  only a lpha  p a r t i c l e  

i n t e n s i t i e s  were analyzed i n  the  p e n e t r a t i n g  p a r t i c l e  mode of ope ra t ion  

of t h e  d e t e c t o r .  

Analysis  of t h e  proton l i n e  was made 

A s  has been mentioned, a t h i r d  parameter i s  a v a i l a b l e  t o  a i d  i n  

i d e n t i f y i n g  a p a r t i c l e ' s  charge ,  mass, and energy: t h e  energy l o s s  

i n  t h e  C cesium i o d i d e  s c i n t i l l a t o r .  

which compared t h e  energy l o s s e s  r e s p e c t i v e l y  i n  t h e  B and C s c i n t i l l a t o r s .  

For a p a r t i c u l a r  type  of p a r t i c l e  t h e  energy l o s s  i n  B uniquely d e t e r -  

mines t h e  energy l o s s  i n  C (neg lec t ing  s t a t i s t i c a l  f l u c t u a t i o n s  i n  

energy l o s s  and l i g h t  o u t p u t ) .  The program demanded t h a t  t h e  B and C 

ou tpu t s  bear  t h e  proper  r e l a t i o n  t o  each o t h e r  (a l lowing  f o r  a 2 40% 

f l u c t u a t i o n ) .  Those events  which d id  not  s a t i s f y  t h i s  c o n d i t i o n  were 

d i sca rded .  F igure  17 i s  a p l o t  of only those  even t s  which s a t i s f y  t h e  

above c r i t e r i a .  Comparing Figure 17 wi th  F igu re  16 ,  one can  s e e  t h a t  

t h e  background surrounding t h e  a lpha  p a r t i c l e  l i n e  has  been s i g n i f i -  

can t  l y  reduced. 

A computer program was w r i t t e n  

I n  Figure 18 we have a p l o t  of t h e  e n t i r e  p e n e t r a t i n g  a lpha  

p a r t i c l e  l i n e .  A s  wi th  F igure  1 7  cons i s t ency  c r i t e r i a  have been imposed. 

Seve ra l  f e a t u r e s  of t h i s  p l o t  a r e  worth mentioning.  F i r s t ,  w e  n o t e  

t h a t  t h e  dens i ty  of p o i n t s  a long t h e  a lpha  p a r t i c l e  l i n e  dec reases  r a p i d l y  

a s  one goes towards lower ene rg ie s .  The energy l o s s  r a t e  i s  a r a p i d l y  

i n c r e a s i n g  func t ion  of energy a s  one goes toward lower e n e r g i e s .  

Consequently, f o r  a g iven  increment i n  energy loss  (or  increment a long 
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t h e  alpha p a r t i c l e  l i n e )  t h e  increment i n  inc iden t  energy becomes 

i n c r e a s i n g l y  l a r g e r .  Thus, i f  the i n c i d e n t  energy spectrum i s  not 

r a p i d l y  changing, one expects  t he  dens i ty  of p o i n t s  along t h e  alpha 

p a r t i c l e  l i n e  t o  be much l e s s  a t  lower ene rg ie s .  Second, a c l u s t e r i n g  

of events  i s  noted near  t h e  low energy end and above t h e  alpha p a r t i c l e  

l i n e .  These p o i n t s  f a l l  near  the  expected p o s i t i o n  of t h e  l i t h i u m  l i n e .  

The poor s t a t i s t i c s  do not  permit a meaningful a n a l y s i s  of t h e s e  even t s .  

However, they do provide an i n d i c a t i o n  of t h e  use fu lness  f o r  heavier  

p a r t i c l e s  of a s a t e l l i t e  ve r s ion  of t h e  d e t e c t o r  where d a t a  accumulation 

can  t ake  p l a c e  over a much longer per iod  of t ime. Thi rd ,  t h e r e  i s  a 

c l u s t e r i n g  of p o i n t s  near  and p a r a l l e l  t o  t h e  v e r t i c a l  a x i s  of t h e  

p l o t .  This  i s  t h e  in s t rumen ta l  e f f e c t  mentioned e a r l i e r .  Unfor tuna te ly ,  

t h e r e  w a s  no overflow i n d i c a t o r  i n  t h e  p u l s e  he ight  ana lyzers .  The 

output  of t h e  l i n e a r  p o r t i o n  of t h e  c i r c u i t r y  i s  l imi t ed  a t  approxi-  

mately s i x  v o l t s .  This  would e f f e c t i v e l y  correspond t o  channel 600 

i n  t h e  p u l s e  he igh t  ana lyzer .  Since t h e  p u l s e  he igh t  ana lyzer  i s  modulo 

512,  such a s i x  v o l t  s i g n a l  would f a l l  i n  t h e  88th channel .  This  

c l u s t e r i n g  i s  i n  f a c t  concentrated i n  channels 0 through 90 along t h e  

h o r i z o n t a l  a x i s .  

Cross-sec t ions  of t h e  pene t r a t ing  a lpha  p a r t i c l e  l i n e  f o r  va r ious  

energy i n t e r v a l s  a r e  shown i n  Figure 19. The c o r r e c t i o n s  f o r  back- 

ground produced w i t h i n  t h e  de t ec to r  a r e  somewhat l a r g e r  than  they were 

i n  t h e  s topping  p a r t i c l e  mode. 

c u l a r l y  l a r g e  i n  t h e  270-330 MeV/nucleon i n t e r v a l .  

t h e  overflow d iscussed  e a r l i e r .  

The background i s  seen t o  be p a r t i -  

This  i s  due t o  

One cannot neg lec t  nuc lear  i n t e r a c t i o n s  of p e n e t r a t i n g  a lpha  

p a r t i c l e s  w i t h i n  t h e  d e t e c t o r .  We s h a l l  assume t h a t  a l l  p e n e t r a t i n g  
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p a r t i c l e s  t h a t  i n t e r a c t  i n  t h e  d e t e c t o r  a r e  r e j e c t e d .  The r e j e c t i o n  

occurs  i n  one of two ways. F i r s t ,  i t  i s  p o s s i b l e  t h a t  a r e a c t i o n  product  

o r  s c a t t e r e d  a lpha  p a r t i c l e  w i l l  e n t e r  t h e  p l a s t i c  guard s c i n t i l l a t o r .  

More impor tan t ,  w e  have r equ i r ed  cons is tency  between t h e  energy l o s s e s  

i n  t h e  B and C s c i n t i l l a t o r s .  It i s  u n l i k e l y  t h a t  a p e n e t r a t i n g  p a r t -  

i c l e  undergoing an i n t e r a c t i o n  w i t h i n  t h e  d e t e c t o r  w i l l  s a t i s f y  t h e s e  

requirements .  We must t hen  c o r r e c t  f o r  t h e  degrada t ion  i n  i n t e n s i t y  

due t o  such i n t e r a c t i o n s ;  t h i s  c o r r e c t i o n  i s  of t h e  o rde r  of 10%. 

.c 



V. TIME VARIATIONS I N  THE LOW ENERGY 

PROTON AND ALPHA PARTICLE INTENSITIES 

A .  General Remarks 

We s h a l l  be concerned h e r e  only wi th  t h e  long-term temporal 

v a r i a t i o n s  i n  t h e  pro ton  and alpha p a r t i c l e  i n t e n s i t i e s .  With a 

s i n g l e  ba l loon  f l i g h t  t y p i c a l l y  l a s t i n g  10 h o u r s ,  i t  i s  d i f f i c u l t  t o  

o b t a i n  meaningful information on shor t - te rm f l u c t u a t i o n s  i n  t h e  cosmic 

r a y  i n t e n s i t y  l a s t i n g  t y p i c a l l y  s e v e r a l  days.  The long-term t i m e  

v a r i a t i o n  i n  t h e  cosmic ray i n t e n s i t y  has  a p e r i o d  of some e leven  

y e a r s .  Thus our ba l loon  f l i g h t  measurements, l a s t i n g  t y p i c a l l y  t e n  

h o u r s ,  may be considered a s  a s e t  of  d i s c r e t e  p o i n t s  of t h e  cosmic r ay  

i n t e n s i t y  a s  a f u n c t i o n  of t i m e  dur ing  t h e  p e r i o d  from 1961 t o  1965. 

These p o i n t s  correspond t o  t h e  cosmic r ay  i n t e n s i t i e s  a t  an energy of  

approximately 85 MeV/nucleon. 

A summary of t h e  pro ton  and a l p h a  p a r t i c l e  measurements ob ta ined  

i n  t h i s  experiment i s  presented  i n  Table 11. Included h e r e  a r e  only 

f l i g h t s  which took p l a c e  a t  For t  C h u r c h i l l ,  Manitoba s i n c e  t h e  lower 

l a t i t u d e  f l i g h t s  y i e l d  no information on t h e  primary i n t e n s i t y  a t  low 

e n e r g i e s .  The t a b l e  c o n t a i n s  both t h e  t o t a l  uncorrec ted  pro ton  and 

a l p h a  p a r t i c l e  i n t e n s i t i e s  a t  the d e t e c t o r  i n  a d d i t i o n  t o  the c o r r e c t e d  

primary i n t e n s i t i e s  a t  t h e  top  of t h e  atmosphere. One can see from t h e  

t a b l e  t h a t  i n  1961 ( F l i g h t  6 1 - 1 )  t h e  secondary c o n t r i b u t i o n  was l a r g e s t ,  

approximately 80% of t h e  t o t a l  i n t e n s i t y  a t  t h e  d e t e c t o r .  

Also included i n  Table  I1 a r e  t h e  average e n e r g i e s  a t  t h e  top  of 

t h e  atmosphere f o r  each f l i g h t  ( t h e  same i n  MeV/nucleon f o r  both pro tons  

and a l p h a  p a r t i c l e s ) .  The small  v a r i a t i o n s  i n  t h e s e  v a l u e s  a r e  due t o  

t h e  v a r i a t i o n  i n  f l o a t i n g  a l t i t u d e  from one b a l l o o n  f l i g h t  t o  t h e  n e x t .  

-39-  
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TABLE I1 

t 

F l i g h t  
Number 

61-1 

62-1  

62-2 

62-3 

62-4 

63-2 

64- 1 

64-2 

64- 3 

65-2 

196 5 
(avg 

SUMMARY OF INTENSITIES AT FORT CHURCHILL 

Pro tons  

T o t a l  P r i m a r y  
I n t e n s i t y  I n t e n s i t y  
a t  a t  t o p  of 
De t e c  t o r  Atmo sphe r e  

Primary 
I n t e n s i t y  
a t  t op  of 

Average energy 
a t  top  of 
atmosphere 

_LMeV/nuc leon)  

89 .1  

89.6 

89 .8  

8 5 . 4  

85 .4  

87.6 

83 .8  

96.7 

82 .3  

79 .9  

- - -  

- - -  

.18 - + . 0 3  

.26 + .05  

. 2 2  - + .03 
- 

80.7  

81 .0  

80.7 

80 .7  

, 80.7 

..-- 

NOTE: A l l  i n t e n s i t i e s  a r e  i n  p a r t i c l e s / $  -MeV-sec-ster, 
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The average k i n e t i c  energy a t  the t o p  of t h e  atmosphere f o r  a l l  ba l loon  

f l i g h t s  a t  F o r t  C h u r c h i l l  i s  85 MeV/nucleon. 

d e v i a t i o n s  from t h i s  average a r e  2 5 MeV/nucleon. A s m a l l  e r r o r  w i l l  

be in t roduced  i n  our i n t e n s i t y  v s .  t i m e  curve due t o  t h e  v a r i a t i o n  i n  

t h e  average energy a t  each p o i n t .  However, t h e  expected v a r i a t i o n  i n  

t h e  energy spectrum over  t h i s  small i n t e r v a l  (85 _+ 5 MeV) i s  i n s i g n i f i c a n t  

compared t o  t h e  e r r o r s  introduced by t h e  secondary pro ton  c o r r e c t i o n .  

T h i s  e r r o r  can t h e r e f o r e  be s a f e l y  neglec ted .  Each measurement w i l l  

consequent ly  be considered a s  a s i n g l e  p o i n t  on t h e  d i f f e r e n t i a l  energy 

spectrum a t  85 MeV/nucleon taken a t  a s i n g l e  i n s t a n t  i n  t ime.  

The maximum i n d i v i d u a l  

The primary pro ton  i n t e n s i t i e s  l i s t e d  f o r  t h e  y e a r s  1964 and 

1965 a r e  t h e  s a t e l l i t e  measurements of McDonald and Ludwig [ 1 9 6 4 ~  and 

Balasubrahamanyan, e t  a l .  [1966]. These a r e  t h e  only y e a r s  f o r  which 

s a t e l l i t e  measurements a r e  a v a i l a b l e  a t  l o w  e n e r g i e s .  The simultaneous 

s a t e l l i t e  and ba l loon  observa t ions  of t h e  cosmic r ay  i n t e n s i t y  i n  1964 

and 1965 have been used t o  o b t a i n  t h e  atmospheric secondary i n t e n s i t y .  

The c o r r e c t e d  primary i n t e n s i t i e s  ob ta ined  from t h e  ba l loon  measurements 

i n  1964 and 1965 are t h e n  n e c e s s a r i l y  i d e n t i c a l  t o  t h e  s a t e l l i t e - m e a s u r e d  

i n t e n s i t i e s  d u r i n g  t h e s e  y e a r s .  

As has  been s t a t e d ,  w e  a r e  i n t e r e s t e d  h e r e  i n  t h e  quiescent  Jr 

g a l a c t i c  cosmic r ay  i n t e n s i t y .  We must,  t h e r e f o r e ,  t a k e  n o t e  of two 

e f f e c t s  which could p o s s i b l y  lead t o  d e v i a t i o n s  from t h e  q u i e t - t i m e  

v a l u e  o f  t h e  cosmic r ay  i n t e n s i t y .  The f i r s t  of t h e s e ,  t h e  Forbush 

d e c r e a s e ,  m a n i f e s t s  i t s e l f  as a depress ion  (2 10%) i n  t h e  s e a - l e v e l  

n e u t r o n  monitor  r a t e .  Second, i t  i s  p o s s i b l e  t h a t  t h e  quiescent  g a l a c t i c  

i n t e n s i t y  could a t  t i m e s  be contaminated by p a r t i c l e s  of s o l a r  o r i g i n ,  
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i . e .  dur ing  a s o l a r  pro ton  even t .  Sea l e v e l  neut ron  moni tors  are 

s e n s i t i v e  only t o  t h e  l a r g e s t  f l a r e - a s s o c i a t e d  s o l a r  pro ton  e v e n t s .  We 

t h e r e f o r e  need an a l t e r n a t e  more s e n s i t i v e  i n d i c a t i o n  of t h e  presence  

o f  s o l a r  p ro tons .  This  i s  provided by s a t e l l i t e - b o r n e  d e t e c t o r s  which, 

on t h e  average,  measure p a r t i c l e s  of much lower energy than  do s e a  l e v e l  

neut ron  monitors  and balloon-borne d e t e c t o r s .  F o r t u n a t e l y ,  t h e  cosmic 

r ay  i n t e n s i t y  was monitored by s a t e l l i t e - b o r n e  d e t e c t o r s  du r ing  most of 

t he  t i m e  pe r iod  covered by t h e  ba l loon  f l i g h t  s e r i e s .  

E f f e c t s  o f  t h e  type  mentioned above occurred i n  two of t h e  f i v e  

y e a r s  encompassed by t h e  ba l loon  f l i g h t  se r ies .  F l i g h t  61-1 on 30 J u l y  

1961 took p l a c e  du r ing  t h e  l as t  p a r t  of an a c t i v e  pe r iod  beginning  i n  

mid-July.  The a c t i v i t y  was a s s o c i a t e d  wi th  an  a c t i v e  r eg ion  (Mt. Wilson 

15353) which passed t h e  c e n t r a l  mer id ian  on 14 Ju ly .  Seve ra l  f l a r e s  and 

Forbush decreases  were a s s o c i a t e d  wi th  t h i s  a c t i v e  r eg ion .  A low energy 

s o l a r  pro ton  event  w a s  observed on 26-27 Ju ly  by Maehlum and O'Brien 

[1962] us ing  d e t e c t o r s  aboard t h e  I n j u n  I s a t e l l i t e .  

t h i s  w a s  a Forbush dec rease  s t a r t i n g  on 27 J u l y .  Evidence e x i s t s ,  how- 

Associated w i t h  

e v e r ,  t h a t  t h i s  a c t i v i t y  had l i t t l e  o r  no i n f l u e n c e  on t h e  i n t e n s i t i e s  

measured on 31 J u l y  du r ing  F l i g h t  61-1. During t h i s  same pe r iod  f i v e  

ba l loon  f l i g h t s  were made by Meyer and Vogt [1963] on 22 J u l y ,  29 J u l y ,  

1 August, 6 August, and 8 August. The i r  d e t e c t o r ,  desc r ibed  e a r l i e r ,  w a s  

s e n s i t i v e  t o  cosmic r ay  e n e r g i e s  a t  t h e  t o p  of  t h e  atmosphere as low as 

80 MeV/nucleon. During t h e  l a s t  t h r e e  f l i g h t s  of Meyer and Vogt no 

change i n  i n t e n s i t y  w a s  observed .  A small  enhancement a t  low e n e r g i e s  

was observed on 29 J u l y  a t t r i b u t e d  t o  t h e  r e s i d u a l  e f f e c t s  o f  t h e  low 

energy s o l a r  pro ton  event  on 26 - 27 J u l y .  Any p o s s i b l e  s o l a r  p ro ton  

contaminat ion of our  d a t a  taken on 30 Ju ly  must c e r t a i n l y  be less than  
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t h a t  observed by Meyer and Vogt on 29 J u l y .  Also,  c o n d i t i o n s  had r e t u r n e d  

t o  normal by no l a t e r  than 1 August, t h e  d a t e  of Meyer and Vogt 's  next  

f l i g h t .  We t h e r e f o r e  submit t h a t  i t  i s  improbable t h a t  any s i g n i f i c a n t  

d e v i a t i o n  from t h e  q u i e s c e n t  i n t e n s i t y  occurred dur ing  F l i g h t  61-1. One 

a d d i t i o n a l  i t e m  of evidence e x i s t s  t o  support  t h i s  argument. On 7 July 

1961, w e l l  before  t h e  o n s e t  of the p e r i o d  of a c t i v i t y ,  t h e  low energy 

cosmic r a y  i n t e n s i t y  w a s  measured by F i c h t e l  and co-workers [1964] u s i n g  

an emulsion s t a c k .  The low energy p r o t o n  i n t e n s i t y  obta ined  by them i s  

i n  good agreement wi th  t h a t  measured i n  F l i g h t  61-1. 

A very  s m a l l  s o l a r  pro ton  event was observed on t h e  Explorer  X I V  

s a t e l l i t e  on 15 June 1963, c o i n c i d e n t a l l y  wi th  F l i g h t  63-1 [Bryant ,  e t  

a1. ,1965].  

maximum a t  0300 UT on 15 June .  During t h e  ba l loon  f l i g h t  (1200-2200 UT) 

t h e  s o l a r  pro ton  event  w a s  t h e r e f o r e  i n  i t s  d e c l i n i n g  phase.  A decrease  

i n  i n t e n s i t y  was, i n  f a c t ,  observed dur ing  F l i g h t  63-1. The t i m e  

The event  s t a r t e d  a t  0300 UT on 14 June and reached a 

v a r i a t i o n  of t h e  uncorrec ted  energy spectrum observed a t  t h e  d e t e c t o r  

. d u r i n g  F l i g h t  63-1 i s  shown i n  Figure 20. The f l i g h t  was simply d iv ided  

i n t o  t h r e e  t i m e  i n t e r v a l s  of equal l e n g t h .  The change i n  i n t e n s i t y  i s  

s e e n  t o  be concent ra ted  i n  t h e  lowest energy p o i n t .  The spectrum i n  t h e  

e a r l y  p o r t i o n  of  t h e  f l i g h t  i s  decreas ing  towards h i g h e r  e n e r g i e s ,  

whereas l a te r  i n  t h e  f l i g h t  i t  becomes f l a t  o r  s l i g h t l y  i n c r e a s i n g  towards 

h i g h e r  e n e r g i e s .  A power l a w  spectrum of t h e  form jaE-' (y = 3-5) i s  

t y p i c a l l y  observed dur ing  a s o l a r  pro ton  even t .  This  i s  q u a l i t a t i v e l y  

c o n s i s t e n t  w i t h  t h e  s p e c t r a l  shape seen  dur ing  t h e  e a r l y  p o r t i o n  of 

F l i g h t  63-1. The slowly r i s i n g  spectrum dur ing  t h e  l a t t e r  p o r t i o n  of t h e  

f l i g h t  i s  c o n s i s t e n t  wi th  t h e  type of spectrums seen  on o t h e r  f l i g h t s  and 

expec ted  d u r i n g  q u i e t  condi t ions .  We t h e r e f o r e ,  argue on t h e  b a s i s  of 
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t h e  above remarks on t h e  s p e c t r a l  shape t h a t  t h e  s o l a r  pro ton  c o n t r i b u t i o n  

dur ing  t h e  l a t t e r  p o r t i o n  of  F l i g h t  63-1 cannot be l a r g e .  

Addi t iona l  support  of t h i s  argument i s  provided by t h e  r e s u l t s  

from F l i g h t  63-2,  launched on 24 June 1963. A decrease  i n  i n t e n s i t y  w a s  

a l s o  observed dur ing  t h e  course  of  t h i s  f l i g h t .  

of Bryant ,  e t  a l . ,  [1965] shows no a c t i v i t y  on 24 June. However, on 

25 June a small  r e c u r r e n t  event  was observed. It i s  l i k e l y  t h a t  t h e  

d e p r e s s i o n  i n  i n t e n s i t y  d u r i n g  F l i g h t  63-2 w a s  due t o  d i s t u r b e d  magnetic 

f i e l d s  a s s o c i a t e d  wi th  t h e  stream of s o l a r  pro tons  observed on t h e  

fo l lowing  day. 

p o r t i o n  of F l i g h t  63-1 wi th  those  measured e a r l y  i n  F l i g h t  63-2 s u g g e s t s  

t h a t  t h e s e  measurements are,  indeed,  r e p r e s e n t a t i v e  of t h e  q u i e s c e n t  

g a l a c t i c  cosmic r a y  i n t e n s i t y .  

The Explorer  X I V  d a t a  

The agreement of t h e  i n t e n s i t i e s  measured d u r i n g  t h e  l a t t e r  

No alpha p a r t i c l e  d a t a  were obta ined  i n  1963 and 1964. S ince  i n  

1963 w e  were a b l e  t o  use only a s m a l l  p o r t i o n  of t h e  d a t a ,  i t  w a s  imposs ib le  

t o  o b t a i n  any s t a t i s t i c a l l y  s i g n i f i c a n t  a l p h a  p a r t i c l e  in format ion .  

1964 a c i r c u i t r y  m o d i f i c a t i o n  unexpectedly caused a low-level  s a t u r a t i o n  

of t h e  p h o t o m u l t i p l i e r s  i n  a r e g i o n  such t h a t  pro tons  could be analyzed,  

but  a l p h a  p a r t i c l e  in format ion  w a s  l o s t .  

B .  The Cosmic Ray I n t e n s i t y  a t  85 MeV/nucleon from 1961 t o  1965 

I n  

The proton and a l p h a  p a r t i c l e  i n t e n s i t i e s  ob ta ined  i n  t h i s  e x p e r i -  

ment are p l o t t e d  as a f u n c t i o n  of t i m e  i n  F i g u r e  21. 

measurements of  o t h e r  observers  a t  similar e n e r g i e s .  

i n t e r p o l a t i o n  or e x t r a p o l a t i o n  was involved due t o  s m a l l  d i f f e r e n c e s  i n  

average energy. Both t h e  pro ton  and a l p h a  p a r t i c l e  i n t e n s i t i e s  appear 

t o  have increased by roughly a f a c t o r  of  f o u r  from 1961 t o  1965. T h i s  

i s  t o  be compared wi th  an i n c r e a s e  of  approximately 15% o f  t h e  M t .  

Also  p l o t t e d  are 

I n  some cases a small  

Washington neutron monitor r a t e  dur ing  t h e  Same p e r i o d  of  t i m e .  S ince  t h e  
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Washington neutron monitor i s  s e n s i t i v e  on t h e  average t o  primary 

p a r t i c l e s  wi th  e n e r g i e s  of approximately 3 B e V ,  we may conclude t h a t  t h e  

s o l a r  modulation of 85 MeV protons w a s  approximately 30 t i m e s  l a r g e r  

than t h a t  f o r  3 B e V  p r o t o n s .  

The pro ton  t o  a l p h a  r a t i o  a t  8 5  MeV/nucleon i s  p l o t t e d  as a 

f u n c t i o n  of t i m e  i n  Figure 2 2 .  

r a t i o  measurement of McDonald and Webber [1964] made near s o l a r  maximum 

i n  1959. This  measurement i s  not d i r e c t l y  comparable t o  t h e  o t h e r s  s i n c e  

i t  w a s  t aken  a t  a somewhat h igher  energy (200 MeV/nucleon). 

a l p h a  r a t i o  i n  1959, however, decreases  as one goes toward lower e n e r g i e s .  

We may then  cons ider  t h e  measurement of  McDonald and Webber a t  200 M e V /  

nucleon as imposing an upper bound on t h e  r a t i o  a t  85 MeV/nucleon. This  

i s  i n d i c a t e d  i n  F igure  22 by t h e  arrow p o i n t i n g  downward from t h e  1959 

p o i n t .  

We have a l s o  included proton-alpha 

The proton-  

A number of d i f f e r e n t  models f o r  t h e  s o l a r  modulation of g a l a c t i c  

cosmic r a y s  h a s  been proposed. E l l i o t  [1960] h a s  developed a model 

. based  on an assumed d i p o l e  s t r u c t u r e  f o r  t h e  magnetic f i e l d .  D i r e c t  

s a t e l l i t e  o b s e r v a t i o n s  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  have shown, 

however, t h a t  i t  i s  n o t  a simple d i p o l e  [see,  f o r  example, Ness, 19641. 

Nagashima [1963] and Ehmert [1960] have assumed t h a t  t h e r e  e x i s t s  a 

p o t e n t i a l  d i f f e r e n c e  between the  e a r t h ' s  o r b i t  and near  g a l a c t i c  space 

and have developed a modulation model on t h i s  b a s i s .  F r e i e r  and Waddington 

[ 19651 have r e c e n t l y  found good agreement between t h e  experimental  d a t a  

and t h e  p r e d i c t i o n s  of  t h i s  model. It i s  d i f f i c u l t  t o  conceive how such 

a p o t e n t i a l  d i f f e r e n c e  could be maintained i n  view of t h e  h igh  c o n d u c t i v i t y  

o f  t h e  i n t e r p l a n e t a r y  plasma. However, t h e  f a c t  t h a t  t h e  mathematical  

t r e a t m e n t  appears  t o  provide a good d e s c r i p t i o n  of t h e  experimental  
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s i t u a t i o n  sugges ts  t h a t  t h e  s o l a r  modulation mechanism, whatever i t  

may be ,  might s imula te  t h e  e f f e c t s  of a conserva t ive  e l e c t r i c  f i e l d .  

We s h a l l  examine our d a t a  w i t h i n  t h e  framework of t h e  model f o r  t h e  
c 

s o l a r  modulation of g a l a c t i c  cosmic r a y s  advanced by Parker  [ 19631. 

Parker  has assumed t h a t  t h e  degrada t ion  of t h e  g a l a c t i c  cosmic r ay  

i n t e n s i t y  i s  caused by t h e  s o l a r  magnetic f i e l d .  Observat ions [ s e e ,  f o r  

example, Ness, 19641 have shown t h a t  t h e  s o l a r  magnetic f i e l d  possesses  

a r a t h e r  i r r e g u l a r  s t r u c t u r e  superposed on an under ly ing  Archimedes 

s p i r a l  c o n f i g u r a t i o n .  The d i s o r d e r  i s  probably g r e a t e r  a t  l a r g e  d i s t a n c e s  

than  i n  the immediate v i c i n i t y  of t h e  sun (e 1 A.U.). Parker  t r ea t s  t h e s e  

i r r e g u l a r i t i e s  as s c a t t e r i n g  c e n t e r s  and u s e s  a d i f f u s i o n  equat ion  t o  

d e s c r i b e  the i n t e r a c t i o n  of  g a l a c t i c  cosmic r a y s  wi th  t h e  s o l a r  magnetic 

f i e l d .  

We s h a l l  cons ider  several simple c a s e s  of  P a r k e r ' s  model. The 

a n a l y s i s  w i l l  no t  i n c l u d e  t h e  p o s s i b l e  e f f e c t s  of  a d i a b a t i c  d e c e l e r a t i o n ,  

[ P a r k e r ,  19653, s i n c e  t h e  p r e s e n t  u n c e r t a i n t i e s  i n  t h e  d a t a  do n o t  appear 

' t o  permit  such a d e t a i l e d  a n a l y s i s .  It w i l l  a l s o  be assumed t h a t  t h e  

d i f f u s i o n  c o e f f i c i e n t  i s  i s o t r o p i c  and depends only  on t h e  r a d i a l  d i s t a n c e  

from t h e  sun. P h y s i c a l l y ,  t h i s  means t h a t  t h e  s o l a r  magnetic f i e l d  i s  

taken  t o  be s p h e r i c a l l y  symmetric and t h a t  t h e  d i s o r d e r  of  t h e  f i e l d  i s  

assumed t o  be so g r e a t  t h a t  tendency toward non-random motion along t h e  

f i e l d  l i n e s  can be n e g l e c t e d .  P a r k e r ' s  d i f f u s i o n  e q u a t i o n  can then  be 

w r i t t e n  a s  fol lows:  

- - * +  
& = -V.(w) + 113 WAdap,, 
a t  
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where 

~1 = cosmic r a y  d e n s i t y ,  

W = cosmic r a y  v e l o c i t y ,  

V = s o l a r  wind v e l o c i t y ,  
4 

h = mean f r e e  p a t h  due t o  s c a t t e r i n g  from magnetic f i e l d  i r r e g u l a r t i e s .  

The s c a t t e r i n g  c e n t e r s  a r e  assumed t o  be moving r a d i a l l y  outward a long  

w i t h  t h e  s o l a r  wind. Thus t h e  convection t e r m  

i n  equat ion  ( 1 ) .  

q u a s i - s t a t i o n a r y  p r o c e s s .  Hence t h e  t i m e  d e r i v a t i v e  a can be n e g l e c t e d .  

Assuming t h a t  t h e  above q u a n t i t i e s  are dependent only on t h e  r a d i a l  

-?*($) must be included 

The e leven  year  s o l a r  modulation i s  assumed t o  be a 

s 
d i s t a n c e ,  r ,  equat ion  (1) can be r e w r i t t e n  

I n t e g r a t i n g  e q u a t i o n  ( 2 )  twice gives:  

p(r ,w) = p, (oo ,W) exp [-r 3V dr] 
re 

W 

( 3 )  

Experimental ly ,  w e  have observed t h e  d i f f e r e n t i a l  i n t e n s i t y  of 

p r o t o n s  and hel ium n u c l e i  a t  t h e  e a r t h ' s  o r b i t .  

t h i s  t o  t h e  cosmic r ay  i n t e n s i t y  o u t s i d e  of t h e  s u n ' s  i n f l u e n c e .  

We would l i k e  t o  r e l a t e  

To do 

t h i s  we rewrite equat ion  (3) i n  t h e  fol lowing form: 

Where En = energy/nucleon,  

di = d i f f e r e n t i a l  i n t e n s i t y  a t  e a r t h ' s  o r b i t ,  

re = r a d i u s  of  e a r t h ' s  o r b i t .  
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Now w e  must examine t h e  behavior  of t h e  exponent i n  equat ion  ( 4 ) .  The 

q u a n t i t i e s  V ( t h e  s o l a r  wind v e l o c i t y )  and W = $c ( t h e  cosmic r a y  p a r t i c l e  

v e l o c i t y )  a r e  known. But w e  do no t  know t h e  v a l u e  of t h e  i n t e g r a l  

p e. Parker  h a s  considered two simple c a s e s .  F i r s t ,  he  has  
re h 

examined the  c a s e  where t h e  p a r t i c l e ' s  r a d i u s  of g y r a t i o n ,  a ,  i s  much 

less  than t h e  s c a l e  s i z e ,  A ,  of  t h e  magnetic i r r e g u l a r i t i e s .  Then a 

s c a t t e r i n g  occurs  each t i m e  a p a r t i c l e  encounters  a magnetic f i e l d  

i r r e g u l a r i t y ,  and w e  have simply d r  = v where v i s  t h e  number of 

s c a t t e r i n g  c e n t e r s  between t h e  e a r t h ' s  o r b i t  and i n f i n i t y .  Second, 

0 

e - r  

Parker  has cons idered  t h e  c a s e  where t h e  r a d i u s  of g y r a t i o n  i s  much 

l a r g e r  than t h e  s c a l e  s i z e  of  t h e  i r r e g u l a r i t i e s .  Then t h e  angular  

d e f l e c t i o n  i s  approximately A0 % ( & / a ) .  A d e f l e c t i o n  of 90" w i l l  

t h e r e f o r e  occur  

summar i z e t h e  s e 

= v  

The r a d i u s  

R = Pc/Ze and B 

when a p a r t i c l e  has  made (a/&)2 c o l l i s i o n s .  We can 

two s i m p l i f i e d  cases as fol lows:  

f o r  aCe (low energy) 
(5) 

(&/a)" f o r  a>>A (high energy)  

of g y r a t i o n  i s  given by a = R / B  where t h e  r i g i d i t y  

= magnetic f l u x  d e n s i t y .  Using t h i s  and e q u a t i o n  (5)  

we  can r e w r i t e  equat ion  ( 4 )  as fol lows:  

f o r  a d  (low energy)  , 

f o r  a>>k (h igh  energy) .  

I n  t h e  low energy c a s e  t h e  exponent v a r i e s  as 1 / g ;  t h i s  i s  t h e r e f o r e  a 

v e l o c i t y  dependent modulat ion.  A t  h i g h e r  e n e r g i e s  t h e  exponent h a s  a 

1/f3R" dependence. I f ,  i n  f a c t ,  t h e  k i n e t i c  energy i s  l a r g e r  than  t h e  

rest energy of t h e  cosmic r a y  p a r t i c l e  we  can  make t h e  approximation t h a t  
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p 2 1. The exponent t h e r e f o r e  v a r i e s  approximately a s  1/R2. This  

then  i s  a r i g i d i t y  dependent modulation. , 

I n  i n t e r p l a n e t a r y  space t h e r e  w i l l  be a d i s t r i b u t i o n  of s c a l e  

s i z e s ,  A ,  of  t h e  magnetic f i e l d  i r r e g u l a r i t i e s .  For  a p a r t i c l e  wi th  

a g iven  r a d i u s  of g y r a t i o n ,  a ,  one w i l l  f i n d  some s c a t t e r i n g  c e n t e r s  

wi th  k a  and some wi th  b a .  Only i n  t h e  extreme c a s e s ,  i . e .  a t  e i t h e r  

very  s m a l l  o r  very  l a r g e  e n e r g i e s  can we apply t h e  above s i m p l i f i c a t i o n s .  

For t h e  extreme low energy case there is a f u r t h e r  d i f f i c u l t y .  I f  t h e  

p a r t i c l e ' s  r a d i u s  of g y r a t i o n  i s  much less than  R w e  can invoke t h e  

a d i a b a t i c  approximation wherein a p a r t i c l e ' s  gu id ing  c e n t e r  simply 

fo l lows  t h e  f i e l d  l i n e .  

i n  t h r e e  dimensional  space t h e n  no longer  apply.  

The previous not ions  of f i x e d  s c a t t e r i n g  c e n t e r s  

Dorman [1960, 19631 h a s  proposed a model f o r  t h e  in te rmedia te  

energy r e g i o n  wherein s c a t t e r i n g  c e n t e r s  both l a r g e r  and s m a l l e r  than  

t h e  p a r t i c l e ' s  r a d i u s  of  g y r a t i o n  ex i s t .  He h a s  assumed t h a t  i n  t h i s  

c a s e  t h e  s c a t t e r i n g  mean f r e e  path h = a ,  t h e  r a d i u s  of  g y r a t i o n .  This  

assumption l e a d s  t o  a 1/$R dependence f o r  t h e  modulation. The equat ion  

r e l a t i n g  cosmic r a y  i n t e n s i t i e s  i n s i d e  and o u t s i d e  t h e  s u n ' s  i n f l u e n c e  

t h e n  becomes: 

We now ask what each of  t h e  foregoing  s p e c i a l  c a s e s  of P a r k e r ' s  

s o l a r  modulation model p r e d i c t  regard ing  t h e  behavior  of t h e  proton-  

he l ium r a t i o  a s  a f u n c t i o n  of t i m e .  We r e c a l l  t h a t  t h e  measurements 

p r e s e n t e d  h e r e  were a l l  taken  a t  t h e  same v e l o c i t y  o r  energy/nucleon. 

R e f e r r i n g . t o  equat ion  ( 4 )  we then see t h a t  t h e  r a t i o  of pro ton  and helium 

i n t e n s i t i e s  a t  t h e  same energy/nucleon i s  given by: 
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= (dj/dE,)p 
(dj/dEn)He rP, He 

r-3v d r l  
(dj/dEn)He,m exp L T  'e AHe J 

Again, we would l i k e  t o  express  t h e  r e s u l t  (8) i n  a form more 

c l o s e l y  r e l a t e d  t o  t h e  q u a n t i t i e s  t h a t  we  a c t u a l l y  measure. For t h e  

t h r e e  s p e c i a l  cases d iscussed  p r e v i o u s l y  t h e  pro ton  helium r a t i o  can be 

w r i t t e n ;  

a>>, (high energy),  

For the low energy c a s e  (a<<A) t h e  exponents i n  t h e  p r o t o n  and 

a lpha  p a r t i c l e  modulation express ions  a r e  i d e n t i c a l  i n  a v e l o c i t y  

(energy/nucleon) r e p r e s e n t a t i o n .  The exponents t h e r e f o r e  c a n c e l  i n  t h e  

proton-alpha r a t i o  and t h e  r a t i o  observed a t  t h e  e a r t h ' s  o r b i t  i s  t h e  

same as t h a t  i n  l o c a l  i n t e r s t e l l a r  space .  Furthermore,  i t  i s  a reasonably  

s a f e  assumption t h a t  t h e  proton-alpha r a t i o  i n  l o c a l  i n t e r s t e l l a r  space 

i s  cons tan t  i n  t i m e  a t  l e a s t  over  t h e  r e l a t i v e l y  s h o r t  t i m e  scale r e l e v a n t  

t o  t h i s  experiment. Therefore ,  a v e l o c i t y  dependent modulat ion mechanism 

p r e d i c t s  t h a t  t h e  proton-alpha r a t i o  a t  t h e  e a r t h ' s  o r b i t  remains c o n s t a n t  

i n  t i m e  . 

Since  a t  t h e  same v e l o c i t y  t h e  p r o t o n  and a l p h a  p a r t i c l e  r i g i d i t i e s  

are unequal (%,(B)=2g(B))the exponents a t  medium and h igh  e n e r g i e s  do 
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not  cance l .  As one approaches s o l a r  maximum and modulation of t h e  

g a l a c t i c  cosmic r a y s  i n c r e a s e s  the  q u a n t i t i e s  3& A B  and R2B2 w i l l  

become l a r g e r .  One t h e r e f o r e  expec ts  t h a t  i n  t h e  energy r e g i o n s  where 

equat ions  (10) and (11) are v a l i d  t h e  pro ton  a lpha  r a t i o  w i l l  decrease  

wi th  i n c r e a s i n g  modulation. 

C C 

It  i s  e n t i r e l y  p o s s i b l e  t h a t  t h e  scale s i z e ,  R ,  of t h e  magnetic 

i r r e g u l a r i t i e s  can change over a s o l a r  c y c l e .  

a t  a s i n g l e  v e l o c i t y  one must t h e r e f o r e  a l low f o r  t h e  p o s s i b i l i t y  t h a t  

t h e  n a t u r e  of t h e  modulation mechanism (e .g .  v e l o c i t y  dependent o r  

r i g i d i t y  dependent) could a l s o  change wi th  vary ing  degrees  of modulation. 

We now r e f e r  again t o  Figure 22  and reexamine t h e  d a t a  on t h e  b a s i s  

When i n t e r p r e t i n g  d a t a  

of  t h e  prev ious  d i s c u s s i o n .  The proton-alpha r a t i o  from 1963 t o  1965 

i s  c o n s t a n t  w i t h i n  t h e  experimental  e r r o r s .  The d a t a  f o r  t h e s e  y e a r s  

i s  t h e r e f o r e  c o n s i s t e n t  wi th  a v e l o c i t y  dependent form f o r  t h e  s o l a r  

modulat ion.  Other i n v e s t i g a t o r s  [Gloeckler ,  1965; Balasubrahmanyan, 

e t  a l . ,  19663 have i n  f a c t  repor ted  agreement wi th  t h e  v e l o c i t y  depend- 

e n t  model dur ing  t h e s e  y e a r s .  The proton-alpha r a t i o  a t  85 MeV/nucleon 

d u r i n g  t h e  p e r i o d  from 1963-1965 had a v a l u e  of  approximately 4 . 0 .  The 

measurement of McDonald and Webber [1964] i n  1959 placed an upper bound 

of 1 .0  on t h i s  r a t i o .  Even w i t h  the l a r g e  experimental  e r r o r s  t h i s  1s 

c l e a r l y  n o t  c o n s i s t e n t  wi th  t h e  measurements i n  1963-1965. We t h e r e f o r e  

conclude t h a t  t h e  n a t u r e  of  t h e  modulation mechanism must have changed 

sometime between 1959 and 1963. Unfor tuna te ly ,  t h e  experimental  e r r o r s  

are  t o o  l a r g e  t o  permit  a more a c c u r a t e  de te rmina t ion  of  e x a c t l y  when 

t h i s  t r a n s i t i o n  occurred .  The 1962 measurement f a l l s  somewhat below 

t h e  v a l u e s  f o r  1963-1965 and provides  a weak i n d i c a t i o n  t h a t  t h e  

t r a n s i t i o n  began a t  t h i s  t i m e .  Assuming t h a t  t h i s  i s  t r u e  one would 
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then  expect t h a t  t h e  1961 proton-alpha r a t i o  would be f u r t h e r  reduced. 

I t  i s  p a r t i c u l a r l y  u n f o r t u n a t e  t h a t  t h e  e r r o r s  i n  t h e  1961 measurement 

a r e  t o o  l a r g e  t o  t e s t  t h i s  hypothes is .  

C o u r t i e r  and Linney [ 19653 have p l o t t e d  t h e  proton-helium r a t i o  

from 1959 t o  1965 a t  h i g h e r  v a l u e s  of k i n e t i c  energy/nucleon than  those  

d iscussed  h e r e .  A t  t h e s e  e n e r g i e s  a s imi l a r  t rend  was observed.  The 

proton-helium r a t i o  w a s  a l s o  observed t o  r i s e  wi th  d e c r e a s i n g  s o l a r  

modulation. 

C .  S o l a r  Modulation i n  t h e  80-500 MeV/nucleon I n t e r v a l  from 1963 t o  

196 5 .  

The modified v e r s i o n  of  t h e  d 6 t e c t o r  was used only i n  t h e  f i n a l  

y e a r  of  t he  ba l loon  f l i g h t  se r ies ,  1965. Consequently d a t a  a t  h i g h e r  

e n e r g i e s  were obta ined  only i n  1965. The primary helium spectrum 

measured a t  F o r t  C h u r c h i l l  i n  June,  1965 i s  shown i n  F igure  2 3 .  The 

lowest energy p o i n t  i s  a t  6 5  MeV/nucleon. Atmospheric a b s o r p t i o n  

prevented measurements below t h i s  energy.  Also p l o t t e d  a r e  t h e  d a t a  

of  Balasubrahmanyan, e t  a l .  [1966] from 30 t o  750 MeV/nucleon. The 

low energy p o r t i o n  (30 - 70 MeV/nucleon) was obta ined  from t h e  IMP I11 

s a t e l l i t e  d a t a .  The h igh  energy p o r t i o n  was obta ined  from a double 

dE/dx and Cerenkov t e l e s c o p e  which w a s  flown i n  t h e  same b a l l o o n  pay- 

load along w i t h  t h e  dE/dx and E d e t e c t o r .  It i s  c lear  t h a t  t h e  independ- 

e n t  se t s  of d a t a  a r e  i n  q u i t e  good agreement.  

Previous ly  we analyzed t h e  s o l a r  modulat ion of  g a l a c t i c  cosmic 

r a y s  as a f u n c t i o n  of t i m e  a t  a s i n g l e  energy .  We now adopt a d i f f e r e n t  

method of  a n a l y s i s  and explore  t h e  dependency of  t h e  s o l a r  modulation 

on p a r t i c l e  energy/nucleon ( o r  v e l o c i t y )  d u r i n g  a f i x e d  t i m e  i n t e r v a l ,  

i . e .  w e  w i l l  hold t i m e  c o n s t a n t  and l e t  energy v a r y .  Again, t h e  t h e o r e t i c a l  
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b a s i s  w i l l  be t h e  v a r i o u s  s p e c i a l  cases  of P a r k e r ' s  model. For 

convenience,  t h e  modulation equat ions can be r e w r i t t e n  i n  t h e  fo l lowing  

form: 

where 

f(B,R) = 1/8 l o w  energy,  

= 1 / B R  medium energy,  

= 1 / B R "  h igh  energy.  

The method of  a n a l y s i s  i s  similar t o  t h a t  used by Gloeckler  

[1965], Webber [1965], and S i l b e r b e r g  [.1966]. Consider t h e  r a t i o  of 

i n t e n s i t i e s  a t  t imes t, and 5 .  

given by : 

It  i s  e a s i l y  shown t h a t  t h i s  r a t i o  i s  

Ear l ie r  i t  was mentioned t h a t  i t  i s  p o s s i b l e  f o r  t h e  form of t h e  

modulat ion mechanism, i . e .  f ( B , R ) , t o  change d u r i n g  t h e  course  of a s o l a r  

c y c l e .  I n  our  d i f f e r e n t i a l  a n a l y s i s  w e  would l i k e  t o  i n s u r e  t h a t  f(B,R) 

does n o t  change from t, t o  t2 , s i n c e  such a change would make any 

meaningful  i n t e r p r e t a t i o n  of t h e  d a t a  extremely d i f f i c u l t .  I f  we t a k e  

t2 - t 

y e a r s ) ,  i t  i s  then  probable  t h a t  f(B,R) w i l l  no t  change. However, i f  

= At<<T, where T i s  t h e  per iod  of t h e  s o l a r  modulation (T 2 11 
1 

A t  i s  s m a l l ,  t h e  f r a c t i o n a l  change i n  i n t e n s i t y  w i l l  a l s o  be s m a l l .  

The exper imenta l  e r r o r s  w i l l  then become i n c r e a s i n g l y  important  and 

e v e n t u a l l y  a l s o  prevent  any meaningful a n a l y s i s .  We s h a l l  t h e r e f o r e  

compromise and t a k e  t, = January, l964 and 5 = June ,  1965. The 

increment  i n  t i m e ,  A t  = 1 . 5  y e a r s ,  i s  s m a l l  compared t o  t h e  e l e v e n  year  
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p e r i o d  of t h e  s o l a r  modulation. Also,  t h e  behavior  of t h e  proton-helium 

r a t i o  i n d i c a t e s  t h a t  a s i n g l e  modulation mechanism w a s  i n  e f f e c t ,  a t  l e a s t  

a t  85 MeV/nucleon dur ing  t h i s  t i m e  i n t e r v a l .  

We a re  confronted w i t h  t h e  problem of d a t a  s e l e c t i o n .  I n  1963 a 

number of d i f f e r e n t  measurements of t h e  primary i n t e n s i t y  i n  t h e  100-500 

MeV/nucleon i n t e r v a l  w a s  made [ O r m e s  and Webber , 1964; Balasubrahmanyan 

and McDonald, 1965; F r e i e r  and Waddington, 19653. We s h a l l  a r b i t r a r i l y  

choose the  d a t a  from only one measurement, t h a t  of Balasubrahmanyan and 

McDonald [1965]. Our only  c r i t e r i o n  w i l l  be t h a t  t h e  same exper imenta l  

appara tus  w a s  used both i n  1963 and 1965. The d a t a  of Balasubrahmanyan 

and McDonald s a t i s f y  t h i s  requirement .  S ince  w e  w i l l  be c o n s i d e r i n g  only 

t h e  f r a c t i o n a l  change i n  i n t e n s i t y ,  sys temat ic  e r r o r s  w i l l  tend t o  c a n c e l  

i f  d a t a  from t h e  same exper imenta l  appara tus  a r e  always used .  S i m i l a r l y  

i n  t h e  energy reg ion  below 100 MeV/nucleon w e  w i l l  u s e  t h e  helium d a t a  

of Gloeckler [1965] and Gloeckler  and J o k i p i i  119661 and t h e  pro ton  d a t a  

of McDonald and Ludwig [ 19641 and Balasubrahmanyan, e t  a l .  [ 19661. 

These d a t a  a r e  presented  i n  F igure  24. A smal l  d i f f i c u l t y  ar ises  

s i n c e  t h e  1963 d a t a  of Balasubrahmanyan, e t  a l .  were taken  dur ing  June 

1963. We have used t h e  r e g r e s s i o n  curves  of Webber [1963] t o  e x t r a -  

p o l a t e  t hese  d a t a  t o  January 1964 and make them d i r e c t l y  comparable 

t o  t h e  d a t a  below 100 MeV/nucleon. 

3 i s  p l o t t e d  as a I n  Figure 24 an[  (dj/dEn) = ~ / (dj /dEn) = t, 

f u n c t i o n  of t h e  p a r t i c l e  v e l o c i t y ,  B .  The r a t i o  of  i n t e n s i t i e s  decreases  

wi th  v e l o c i t y  a s  i s  expected.  

helium i n t e n s i t y  i s  s l i g h t l y  g r e a t e r  t h a n  t h e  modulat ion of t h e  pro ton  

I t  appears  t h a t  t h e  modulat ion of t h e  

i n t e n s i t y  e s p e c i a l l y  a t  very  low e n e r g i e s .  

a r e  a l s o  p l o t t e d  i n  F igure  24; t h e  v a l u e  of AK h a s  been obta ined  by 

The v a r i o u s  modulat ion f u n c t i o n s  
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normal iza t ion  a t  $ = 0 .8  i n  a l l  ca ses .  

express ions  (1/$R and 1/$$) c l e a r l y  d i s a g r e e  wi th  t h e  d a t a .  F i r s t ,  

t h e  s l o p e s  are i n c o n s i s t e n t ;  and second, t h e  p r e d i c t e d  r e l a t i v e  modulation 

of pro tons  and helium d i s a g r e e .  

p r e d i c t  t h a t  t h e  f r a c t i o n a l  change i n  i n t e n s i t y  w i l l  be l a r g e r  f o r  

pro tons  than  i t  w i l l  be f o r  helium. The d a t a  i n d i c a t e  t h a t , i n  f ac t ,  t h e  

f r a c t i o n a l  change i n  t h e  pro ton  i n t e n s i t y  i s  s l i g h t l y  less than  t h a t  f o r  

t h e  helium i n t e n s i t y .  

The medium and h igh  energy 

The medium and h igh  energy express ions  

The low energy express ion  (1/p) appears  t o  provide a f a i r l y  good 

f i t  t o  t h e  pro ton  d a t a .  The helium d a t a ,  however, appear t o  have a 

s l i g h t l y  s t e e p e r  s l o p e .  A t  t h e  same v e l o c i t y  t h e  r a d i u s  of  g y r a t i o n  of 

an a l p h a  p a r t i c l e  w i l l  be t w i c e  t h a t  f o r  a pro ton .  Consequently i t  i s  

more l i k e l y  t h a t  t h e  helium nucleus w i l l  undergo r i g i d i t y  dependent 

s c a t t e r i n g  from i r r e g u l a r i t i e s  i n  t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  

It i s  then  p o s s i b l e  t h a t  t h e  helium d a t a  may, i n  f a c t ,  have a s t e e p e r  

s l o p e  than  t h e  pro ton  d a t a .  

I n  a more r e c e n t  paper Gloeckler and J o k i p i i  [1966] have r e p o r t e d  

agreement wi th  a l /$R dependence f o r  t h e  s o l a r  modulation u s i n g  d a t a  from 

t h e  I M P ' S  I ,  11, and I11 s a t e l l i t e s .  This  i s  t o  be  c o n t r a s t e d  wi th  t h e  

ea r l i e r  paper  by Gloeckler [ 19651 where a v e l o c i t y  dependent ( l / p )  

modulat ion w a s  found u s i n g  only the d a t a  from t h e  IMP I s a t e l l i t e .  Based 

on d a t a  from a l a r g e  a r e a  C e r e n k o v - s c i n t i l l a t o r  t e l e s c o p e ,  Webber [1966] 

h a s  r e p o r t e d  a 1/$ o r  1 / R  dependence f o r  t h e  modulation. 

Gloeckler  and J o k i p i i  [1966] pointed o u t ,  Webber's d a t a  i s  r e a l l y  more 

c o n s i s t e n t  w i t h  a 1 / p R  modulation. 

e x i s t  between t h e  v a r i o u s  experimental  r e s u l t s .  There i s  consequent ly  

However, a s  

It i s  c lear  then  t h a t  d i s c r e p a n c i e s  
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a rea l  need f o r  f u r t h e r  more a c c u r a t e  measurements dur ing  t h e  succeeding 

phases  of t h e  s o l a r  c y c l e .  



VI. ATMOSPHERIC SECONDARIES AND RE-ENTRANT ALBEDO 

A. Atmospheric Secondaries 

A completely empirical approach has been adopted for obtaining the 

Methods used in the past atmospheric secondary correction to our data. 

have generally involved directly measuring the production of secondaries 

in nuclear emulsions and then by various means relating this to the 

production of secondaries in air. The method used here involves simult- 

aneous balloon and satellite measurements of the low energy cosmic ray 

intensity, and provides a completely independent determination of the 

atmospheric secondary contribution. 

The intensity of downward moving particles in the atmosphere can 

be written as follows: 

I ( X )  = I (X) + I (X) + I (X), P S ra 
where 

Ip = primary intensity, 

Is = secondary intensity, 

Ira 

X = depth in atmosphere. 

= re-entrant albedo intensity, 

Re-entrant albedo consists only of particles with energies below the 

local geomagnetic cut-off. 

at Fort Churchill is less than 20 MeV, re-entrant albedo at this 

location can be neglected. Our detector measures the intensity I(X) 

between 20 and 80 MeV/nucleon. Thus, if the primary intensity I (X) is 

known, the secondary intensity is uniquely determined. We obtain the 

primary intensity at the top of the atmosphere, Ip(0), from the IMP 111 

satellite measurements of Balasubrahmanyan, et al. [ 19663.  It is then 

a straightforward matter to obtain the value of I (X) at X = 3.1 gm/cm2, 

Since the geomagnetic cut-off for protons 

P 

P 
-57- 
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t h e  a l t i t u d e  of  t h e  1965 ba l loon  ( inc luding  . 3  gm/cn? air  e q u i v a l e n t  of 

material i n  t h e  ba l loon  gondola).  The d i f f e r e n c e  i n  energy i n t e r v a l s  

i s  e a s i l y  c a l c u l a b l e ,  and a small c o r r e c t i o n  must be made f o r  n u c l e a r  

i n t e r a c t i o n s  i n  t h e  3 .1  gm/cn? o f  atmosphere. 

The IMP I11 spectrum ( a f t e r  passage through 3 .1  gm/c$ of absorber ) ,  

t h e  t o t a l  spectrum a t  t h e  d e t e c t o r ,  and t h e  r e s u l t a n t  secondary spectrum 

a t  t h e  d e t e c t o r  are shown i n  F igure  25. 

t h e  secondary spectrum i s  t h a t  i t  i s  e s s e n t i a l l y  f l a t  i n  t h e  20-80 

MeV/nucleon i n t e r v a l .  Also,  w e  n o t e  t h a t  t h e  secondary i n t e n s i t y  i s  of 

t h e  same order  a s  t h e  primary i n t e n s i t y  a t  t h i s  p a r t i c u l a r  depth i n  t h e  

atmosphere. S o l a r  minimum i s ,  of  course ,  t h e  optimum t i m e  f o r  s e p a r a t i o n  

of pr imar ies  from background, s i n c e  t h e  primary i n t e n s i t y  i s  a t  a maximum 

and e f f e c t i v e l y  t h e  s i g n a l  t o  n o i s e  r a t i o  i s  maximized. One expec ts  t h a t  

near  s o l a r  maximum t h e  s i t u a t i o n  w i l l  become much worse s i n c e  t h e  low 

energy pr imar ies  w i l l  be suppressed much more t h a n  t h e  background. 

Through averaging t h e  two f l i g h t s  (65-1 and 65-2) i t  was a l s o  

The s u r p r i s i n g  f e a t u r e  about 

p o s s i b l e  t o  o b t a i n  an i n t e n s i t y  vs.  a l t i t u d e  curve  i n  t h e  20-80 MeV/nucleon 

i n t e r v a l .  Again u s i n g  t h e  IMP I11 d a t a ,  t h e  primary i n t e n s i t y  as a 

f u n c t i o n  of depth i n  t h e  atmosphere w a s  ob ta ined .  

s u b t r a c t e d  t o  g ive  t h e  secondary i n t e n s i t y  vs. a l t i t u d e  curve  shown i n  

F igure  26. S a t e l l i t e  d a t a  a t  low e n e r g i e s  are a l s o  a v a i l a b l e  f o r  1964 

[McDonald and Ludwig, 19643. Therefore  i t  w a s  p o s s i b l e  t o  u s e  t h e  same 

method t o  o b t a i n  t h e  1964 secondary i n t e n s i t y .  

atmospheric depth corresponding t o  t h e  f l o a t i n g  a l t i t u d e  of  t h e  ba l loon  

and i s  a l s o  p l o t t e d  i n  F igure  26. 

1965 secondary i n t e n s i t i e s  provides  a good i n t e r n a l  c o n s i s t e n c y  check. 

These were then  

T h i s  w a s  done only a t  an 

The agreement between t h e  1964 and 
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Two f l i g h t s  w e r e  made a t  low l a t i t u d e s .  The f i r s t  ( F l i g h t  61-2) 

was launched i n  1961 from Sioux F a l l s ,  S.D. The second ( F l i g h t  64-4) 

was launched i n  1964 a t  approximately t h e  same geomagnetic l a t i t u d e  from 

F a i r i b a u l t ,  Minn. The t o t a l  i n t e n s i t y  a t  t h e  d e t e c t o r  f o r  each of t h e s e  

f l i g h t s  i s  a l s o  p l o t t e d  i n  Figure 26. It i s  s i g n i f i c a n t  t h a t  no measur- 

a b l e  change i n  i n t e n s i t y  a t  t h i s  l a t i t u d e  took p l a c e  between 1961 and 

1964. The geomagnetic cu t -of f  a t  t h e  l a t i t u d e  of F l i g h t s  61-2 and 64-4 

i s  approximately 900 MeV f o r  protons [Shea and Smart,  19661. 

t h e  i n t e n s i t i e s  observed i n  t h e s e  f l i g h t s  i n  t h e  20 t o  80 MeV i n t e r v a l  

must t h e n  be e n t i r e l y  due t o  atmospheric secondar ies  and r e - e n t r a n t  a lbedo .  

From our  measurements an upper l i m i t  of  13% can be  placed on t h e  

C l e a r l y  

f r a c t i o n a l  change i n  i n t e n s i t y  i n  t h e  20 t o  80 MeV/nucleon i n t e r v a l  a t  

t h e  l a t i t u d e  of  Sioux F a l l s  from 1961 t o  1964. I n  t h e  d i s c u s s i o n  follow- 

i n g ,  w e  s h a l l  a rgue  t h a t  t h e  secondary i n t e n s i t y  a t  F o r t  C h u r c h i l l  i s  

e s s e n t i a l l y  t h e  same a s  t h e  secondary i n t e n s i t y  a t  Sioux F a l l s ,  and t h a t  

consequent ly  t h e  secondar ies  a t  F o r t  C h u r c h i l l  a l s o  remained cons tan t  

from 1961 t o  1964. E f f e c t i v e l y ,  i t  i s  necessary  t o  show t h a t  pr imar ies  

w i t h  e n e r g i e s  less t h a n  900 MeV ( t h e  geomagnetic cu t -of f  a t  Sioux F a l l s )  

do  n o t  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  secondary i n t e n s i t y  a t  F o r t  

C h u r c h i l l .  Our argument i s  based on t h e  t i m e  v a r i a t i o n  of  t h e  

primary i n t e n s i t y  a t  t h e  l a t i t u d e  of Sioux F a l l s  due t o  s o l a r  modu- 

l a t i o n .  The e f f e c t  of  i n c r e a s i n g  s o l a r  modulation i s  q u a l i t a t i v e l y  

s i m i l a r  t o  t h e  e f f e c t  of i n c r e a s i n g  geomagnetic c u t o f f .  I n  both  c a s e s  

t h e  low energy i n t e n s i t y  i s  suppressed. I n  t h e  c a s e  of s o l a r  modulation 

t h e  energy dependency i s  gradual  and cont inuous ,  whereas i n  t h e  geo- 

magnetic c a s e  t h e  suppress ion  occurs  r e l a t i v e l y  suddenly a t  a s i n g l e  d i s -  

c re te  energy,  t h e  geomagnetic c u t - o f f .  The d i f f e r e n t i a l  p ro ton  i n t e n s i t y  

a t  1 B e V  changed mare t h a n  a f a c t o r  of two, [Webber, 19643 between 1961 and 
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1964, ye t  no change w a s  observed i n  t h e  secondary i n t e n s i t y  a t  Sioux 

F a l l s .  I t  i s  t h e r e f o r e  u n l i k e l y  t h a t  primary cosmic r a y s  w i t h  e n e r g i e s  

i n  t h e  v i c i n i t y  of  1 B e V  have c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  secondary 

i n t e n s i t y  a t  Sioux F a l l s .  I t  i s  t h e r e f o r e  even less l i k e l y  t h a t  primary 

p a r t i c l e s  wi th  e n e r g i e s  less t h a n  1 B e V  have made a s i g n i f i c a n t  c o n t r i -  

b u t i o n  t o  t h e  secondary i n t e n s i t y  a t  F o r t  C h u r c h i l l .  We s h a l l  then  

assume t h a t  t h e  secondary i n t e n s i t y  a t  F o r t  C h u r c h i l l  i s  t h e  same as 

t h a t  a t  Sioux F a l l s .  

A s  a c o r o l l a r y  t o  t h i s  argument we c la im t h a t  t h e  median primary 

energy f o r  t h e  product ion  of  secondar ies  i n  t h e  20 t o  80 MeV/nucleon 

i n t e r v a l  must be s u b s t a n t i a l l y  h i g h e r  t h a n  1 BeV.  This  hypothes is  i s  

p a r t i a l l y  confirmed by t h e  r e s u l t s  of F l i g h t  64-5 which was launched from 

P a l e s t i n e ,  Texas where t h e  geomagnetic c u t - o f f  i s  3.6 B e V  f o r  pro tons .  

A t o t a l  proton i n t e n s i t y  o f  .28 - + .03 particles/*-MeV-sec-ster w a s  

observed a t  t h e  d e t e c t o r .  This  i s  very  n e a r l y  e q u a l  t o  one-half  of t h e  

secondary pro ton  i n t e n s i t y  observed a t  a s imi l a r  depth i n  t h e  atmosphere 

a t  F o r t  Churchi l l .  (we w i l l  show l a t e r  t h a t  t h e  r e - e n t r a n t  a lbedo 

c o n t r i b u t i o n  is s m a l l . )  Thus t h e  median primary f o r  t h e  product ion  of  

secondary p r o t o n s  i n  t h e  20-80 MeV/nucleon l i e s  somewhere i n  t h e  v i c i n i t y  

of t h e  cut-off  energy a t  P a l e s t i n e ,  3.6 BeV. The f r a c t i o n a l  change i n  

i n t e g r a l  i n t e n s i t y  a t  P a l e s t i n e  (> 3.6 BeV) from 1961 t o  1964 w a s  

approximately 10% [Webber, 19641. T h i s  i s  c o n s i s t e n t  w i t h  t h e  upper  

bound of  13% placed on t h e  f r a c t i o n a l  change i n  t h e  low energy i n t e n s i t y  

a t  Sioux Fa l l s  from 1961 t o  1964. 

The p o s s i b l e  e x i s t e n c e  of  r e - e n t r a n t  a lbedo  a t  Sioux F a l l s  does 

not  s e r i o u s l y  a f f e c t  t h e  preceding  c o n c l u s i o n s .  We observe a t o t a l  

f l u x  a t  t h i s  l a t i t u d e  which remains c o n s t a n t  from 1961 t o  1964. One 

r 
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expec ts  t h a t  r e - e n t r a n t  albedo and atmospheric secondar ies  w i l l  e x h i b i t  

q u a l i t a t i v e l y  s imi la r  long-term v a r i a t i o n s ;  t h a t  i s ,  i f  t h e  i n t e n s i t y  

of  one component i n c r e a s e s  ( o r  decreases) ,  t h e  i n t e n s i t y  of t h e  o t h e r  

w i l l  a l s o  i n c r e a s e  (o r  decrease) .  Therefore  i f  t h e  sum of  t h e  two compo- 

n e n t s  remains c o n s t a n t ,  each i n d i v i d u a l  component m u s t  a l s o  remain cons t -  

a n t  . We then  conclude t h a t  w i t h i n  t h e  l i m i t s  o f  accuracy of our  e x p e r i -  

ment t h e  secondary i n t e n s i t y  i n  t h e  20-80 MeV/nucleon i n t e r v a l  d i d  n o t  

change from 1961 - 1964. On t h e  b a s i s  of t h i s  argument we have simply 

a p p l i e d  t h e  same secondary c o r r e c t i o n  obta ined  from t h e  s imultaneous 

b a l l o o n  and s a t e l l i t e  measurements i n  1965 t o  a l l  of our measurements 

i n  t h e  1961 t o  1965 p e r i o d .  

As  w e  have mentioned, a number of d i f f e r e n t  approaches have been 

adopted by v a r i o u s  experimenters  t o  o b t a i n  t h e  pro ton  secondary c o r r e c t i o n .  

Vogt [ 19623 and Brunstein [ 19641 have done q u a s i - t h e o r e t i c a l  c a l c u l a t i o n s  

of  t h e  secondary i n t e n s i t y .  Both c a l c u l a t i o n s  made use of  t h e  spectrum 

of  secondary r e a c t i o n  products  measured i n  emulsions.  A somewhat 

d i f f e r e n t  method h a s  been used by Waddington and F r e i e r  [1964], F i c h t e l ,  

e t  a l .  [1965], and o t h e r s .  The method involves  a measurement more 

d i r e c t l y  r e l a t e d  t o  t h e  atmospheric secondary i n t e n s i t y .  T y p i c a l l y ,  an 

emulsion s t a c k  i s  scanned along a l i n e  which i s  1 cm Zeloc; t h e  sur face  

of t h e  emulsion. A t  t h i s  depth i n  t h e  emulsion both t h e  primary spec t -  

rum and t h e  spectrum of secondar ies  produced i n  t h e  1 c m  of t h i c k n e s s  of 

emulsion are measured. The emulsion secondar ies  a r e  uniquely i d e n t i f i e d  

by t r a c i n g  t h e  t r a c k s  back t o  the  i n t e r a c t i o n .  It i s  claimed t h a t  t h e  

s e c o n d a r i e s  produced i n  1 cm of emulsion w i l l  be t h e  same as those  produced 

i n  an e q u i v a l e n t  t h i c k n e s s  of a i r  (approximately 3 gm/cn?). 

secondary spectrum w a s  measured a t  an e f f e c t i v e  atmospheric depth of 

Our 1965 
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3.1 gm/cn?. 

did not change significantly from 1961 to 1965. We may therefore direct- 

ly compare our secondary spectrum from 3.1 gm/cg of air to that obtained 

in 1963 and 1964 by Waddington and Freier [1965, 1965al for a 3 gm/cm2 

air equivalent thickness of emulsion. This is done in Figure 27.  

In emulsion spectrums of the type presented in Figure 27, no 

Evidence discussed earlier indicated that this spectrum 

distinction is usually made between protons and deuterons. At these 

low energies the energy is determined by measuring the particle's 

range in the emulsion. Consequently, in addition to our proton second- 

ary spectrum, we have included in Figure 27 a spectrum representing the 

sum of the secondary proton and deuteron intensities with the addition 

made on an equal range basis. This should be directly comparable to 

the emulsion secondary spectrum. Unfortunately, the overlap between 

our data and those of Waddington and Freier is not large. It appears 

that, in the energy interval in which comparison can be made, our 

spectrum is somewhat flatter than that of Waddington and Freier. The 

difference, however, is not large and could be attributed to experimental 

uncertainties except, perhaps, at very low energies. 

A detailed theoretical treatment of the production of secondaries 

in air, emulsion, or other absorbers is in general quite a complex 

problem. Extensive Monte Carlo calculations of intra-nuclear cascades 

have been carried out by Metropolis, et al. [1958a,b] and by Bertini 

[1963a,b; 19661. Comparisons have been made between their results and 

the limited available data. In general, agreement was found between 

the experimental and theoretical results. 

In order to derive a theoretical ratio between the secondary 

spectrums in emulsion and in air, it is necessary to know the number of  
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cascade nucleons as a f u n c t i o n  of  the i n c i d e n t  p a r t i c l e ' s  energy and a l s o  

t o  know t h e  energy spectrum of  t h e  cascade nucleons themselves.  F i c h t e l ,  

e t  a l .  [1964] have assumed t h a t  the cascade nucleon spectrums i n  a i r  and 

i n  emulsion are t h e  same; and they have i n t e g r a t e d  t h e  d a t a  of Metro- 

p o l i s ,  e t  a l .  over  t h e  i n c i d e n t  cosmic r a y  spectrum. They obta ined  a 

r a t i o  of 0.85 between secondar ies  from a i r  and secondar ies  from emulsion. 

I n  t h e  r e g i o n  of over lap  t h i s  r a t i o  i s  c o n s i s t e n t  wi th  t h e  d a t a  presented  

i n  F igure  27. As  mentioned e a r l i e r ,  however, t h e  s l o p e s  of t h e  emulsion 

and a i r  spectrums appear t o  be d i f f e r e n t  a t  low e n e r g i e s .  Met ropol i s ,  

e t  a l .  have c a l c u l a t e d  t h e  secondary p r o t o n  spectrums €or  aluminum and 

uranium t a r g e t  n u c l e i  wi th  inc ident  p r o t o n  e n e r g i e s  of 460 and 1840 M e V .  

For bo th  i n c i d e n t  e n e r g i e s  t h e  cascade pro ton  spectrums from aluminum 

were s l i g h t l y  f l a t t e r  a t  low energ ies  than  were t h e  spectrums from 

uranium. This  behavior  i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  e x h i b i t e d  i n  

F i g u r e  27. Also,  i f  one i n t e g r a t e s  t h e  cascade spectrum given by 

M e t r o p o l i s ,  e t  a l .  f o r  1840 MeV protons i n c i d e n t  on aluminum over  3 

gmlcn? of a i r ,  a f l a t  spectrum i s  o b t a i n e d ,  s i m i l a r  i n  shape t o  t h a t  

shown i n  F igure  27. 

Also p l o t t e d  i n  F igure  27 i s  t h e  q u a s i - t h e o r e t i c a l  secondary c o r r e c t -  

i o n  of Vogt [1962]. 

t h e  secondary spectrum obta ined  i n  t h i s  work and t h a t  ob ta ined  by Vogt. 

H i s  r e s u l t s  p r e d i c t  a secondary spectrum a t  5 gm/cn?. 

a r y  i n t e n s i t y  a t  t h i s  a l t i t u d e  i n c r e a s e s  w i t h  depth i n  t h e  atmosphere 

t h e s e  r e s u l t s  are q u i t e  incompatible.  For t h i s  reason  we f e e l  t h a t  t h e  

r i se  i n  t h e  spectrum observed by Vogt a t  low e n e r g i e s  (5 150 MeV) i s  

main ly  due t o  atmospheric secondar ies .  An underes t imate  of t h e  atmospheric 

secondary c o r r e c t i o n ,  however, cannot e x p l a i n  t h e  t i m e  v a r i a t i o n  observed 

Obviously the re  i s  a s e r i o u s  disagreement between 

Since  t h e  second- 
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by Meyer ti Vogt [ 19631 from 1960 t o  1961. A decrease  i n  i n t e n s i t y  

w a s  observed which was i n  p o s i t i v e  c o r r e l a t i o n  wi th  t h e  sunspot  c y c l e .  

Our primary p ro ton  and hel ium d a t a  exh ib i t ed  no such behavior  ( s e e  

F igure  21) .  However, our  d a t a  go back only as f a r  as 1961. We the re -  

f o r e  cannot exclude t h e  p o s s i b i l i t y  of a smal l  qu ie scen t  s o l a r  c o n t r i -  

bu t ion  t o  the i n t e n s i t y  a t  low ene rg ie s  i n  1960. 

B .  Re-entrant  Albedo 

Since  t h e  geomagnetic cu t -o f f  exc ludes  low energy p r imar i e s  a t  t h e  

l a t i t u d e  of F l i g h t  64-4 t h e  t o t a l  i n t e n s i t y  measured du r ing  t h i s  f l i g h t  

can be w r i t t e n :  

I ( X )  = Is (X)  + I (X)  r a  
where X = 5 . 0  gm/cni?. 

l a t i t u d e  I s (5 .0 )  i s  known, w e  can determine t h e  r e - e n t r a n t  a lbedo.  

The re fo re ,  i f  t h e  secondary i n t e n s i t y  a t  t h i s  

We 

know the secondary i n t e n s i t y  a t  F o r t  C h u r c h i l l  where t h e  geomagnetic c u t -  

o f f  i s  l e s s  than  t h e  atmospheric  c u t - o f f .  However, our  prev ious  argu-  

ments i nd ica t ed  t h a t  t he  secondary i n t e n s i t i e s  a t  F o r t  C h u r c h i l l  and 

. S i o u x  F a l l s  were t h e  same. Thus by a s imple s u b t r a c t i o n  of t h e s e  

i n t e n s i t i e s  we can o b t a i n  t h e  r e - e n t r a n t  a lbedo i n t e n s i t y  a t  Sioux F a l l s .  

Reference t o  F igure  26 shows t h a t  there i s  no measurable  d i f f e r e n c e  

between t h e  t o t a l  i n t e n s i t y  a t  t h e  l a t i t u d e  of  Sioux F a l l s  and t h e  

secondary i n t e n s i t y  a t  F o r t  C h u r c h i l l .  S t a t i s t i c a l  u n c e r t a i n t i e s  t hen  

permit  u s  t o  p l a c e  an upper bound on t h e  r e - e n t r a n t  a lbedo  a t  5 gm/cn? 

a t  Sioux F a l l s  of . l l  protons/$-MeV-sec-ster.  C o r r e c t i o n  t o  the t o p  of 

t h e  atmosphere y i e l d s  an upper l i m i t  of .18 p ro tons /d -MeV-sec - s t e r  a t  

an average energy of 95 M e V .  I n  F igure  28 we have p l o t t e d  t h e  r e - e n t r a n t  

c 

albedo spectrum of Webber E19641 a t  5 gm/cn? a long  w i t h  t h e  upper bound 
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obtained in this work. 

from a theoretical calculation. The difference between our upper bound 

and Webber's spectrum is not so great that it could not be attributed to 

experimental error. Webber has, however, in the same context obtained 

an atmospheric secondary spectrum which is substantially less that that 

presented in this work. Since the atmospheric secondaries and re-entrant 

albedo are by virtue of the experimental method mutually interdependent 

results, we feel that a real discrepancy exists. 

Also plotted is a point obtained by Ray [1966] 



VII. PRODUCTION OF DEUTERIUM AND TRITIUM IN THE EARTH'S ATMOSPHERE 

Previously we have discussed the production of one of the hydrogen 

isotopes, H1 (protons) in the earth's atmosphere. We will now present 

data on the production of the other two known isotopes of hydrogen, # 

and F? (deuterium and tritium) in the earth's atmosphere. Certain very 

rare radioactive isotopes found in the earth's atmosphere are thought 

to be produced by interactions of primary cosmic rays with the atmosphere. 

It is assumed that an equilibrium is maintained between the production 

of such isotopesby cosmic radiation and their loss by radioactive decay 

and escape from the stratosphere. Perhaps the most famous of these 

isotopes is CL4 with a half-life of 5568 years. In certain isolated 

samples of carbon - for example, fossils buried in the earth - the 
equilibrium process is destroyed. 

place and consequently only the l o s s  mechanism due to radioactive decay 

is present. By measuring the C14 concentration in such samples it is 

possible to determine their ages. 

the determination of ages of samples many thousands of years old. 

No recycling with the atmosphere takes 

The long half-life of C14 permits 

Tritium falls into the class of rare radioactive elements thought 

to be produced by cosmic ray interactions in the earth's atmosphere. 

It's half-life of 12.5 years is substantially shorter than that of C14. 

Consequently its usefulness is limited to hundreds rather than thousands 

of years in the past. It is possible, however, to obtain a much more 

detailed picture of recent events using tritium. The pre-hydrogen 

bomb abundance of tritium is quite small. Typically, measurements have 

recorded a tritium to hydrogen ratio of one part in low in the earth's 

atmosphere. Unfortunately, thermonuclear tests completely destroyed the 

-66 - 
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t r i t i u m  balance i n  t h e  atmosphere. The "Castle" tes ts  increased  t h e  

atmospheric t r i t i u m  abundance by s e v e r a l  o r d e r s  of magnitude. I n  t h e  

fo l lowing  d i scuss ion  we w i l l  t h e r e f o r e  n e c e s s a r i l y  always r e f e r  t o  t h e  

pre-bomb abundance measurements. 

There have p rev ious ly  been no d i r e c t  measurements made of t h e  

product ion  of  t r i t i u m  i n  t h e  e a r t h ' s  atmosphere. 

of t h e  t r i t i u m  product ion  r a t e  i n  t h e  atmosphere have been made [Fireman 

and Rowland, 1955; C u r r i e ,  e t  a l . ,  1956; Benioff ,  1957; L a 1  and P e t e r s ,  

19621 based on machine measured c ross - sec t ions  f o r  t h e  product ion  of 

t r i t i u m  by nucleons i n  a i r .  The product ion  r a t e ,  P,  f o r  t r i t i u m  i s  

de f ined  as t h e  t o t a l  number of t r i t o n s  produced p e r  second i n  a 1 cm' 

column of  atmosphere. To c a l c u l a t e  P f u r t h e r  in format ion  i s  r equ i r ed  

on t h e  v a r i a t i o n  of t h e  i n t e r a c t i o n  ra te  wi th  depth i n  the  atmosphere. 

General ly  t h e  c a l c u l a t i o n s  have used emulsion d a t a  on s tar  product ion  

a s  a func t ion  of atmospheric depth. One i s  i n t e r e s t e d  i n  o b t a i n i n g  a 

Several c a l c u l a t i o n s  

g l o b a l  average product ion  r a t e  t o  compare wi th  t h e  g l o b a l  inventory  of  

t r i t i u m .  Due t o  geomagnetic cu to f f  e f f e c t s  t h e  product ion  rate w i l l  

va ry  wi th  l a t i t u d e .  Again, emulsion star d a t a  as a func t ion  of geo- 

magnetic l a t i t u d e  i s  used t o  o b t a i n  a g l o b a l  average. 

The r e s u l t s  of t h e  c a l c u l a t i o n s  descr ibed  above l i e  between P=. 14 

and P=. 37 t r i t ons / cn? - sec  (g loba l  average) .  Unfor tuna te ly ,  some d i f f i -  

c u l t i e s  a r i s e  when a t tempt ing  t o  compare the  c a l c u l a t e d  product ion  ra te  

w i t h  t h e  measured te r res t r ia l  abundance of  t r i t i u m .  The t r i t i u m  con ten t  

has  been found t o  vary  wi th  t h e  type of sample on which t h e  measurement 

i s  made, f o r  example, oceanic  r a i n  water, c o n t i n e n t a l  r a i n  water, g l a c i a l  

i c e ,  v i n t a g e  wines. The ques t ion  arises as t o  which type of sample i s  

most t r u l y  r e p r e s e n t i v e  of t he  equ i l ib r ium abundance of  t r i t i u m .  L a 1  
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and P e t e r s  [1962] c la im t h a t  t h e i r  c a l c u l a t e d  cosmic ray  product ion  

ra te  i s  c o n s i s t e n t  wi th  t h e  equ i l ib r ium abundance of t r i t i u m .  However, 

c e r t a i n  o the r  au thors  [Cra ig ,  1957; Begemann and Libby, 1957; Begemann, 

19593 f i n d  t h a t  t h e  cosmic r ay  product ion  ra te  i s  i n s u f f i c i e n t  t o  main- 

t a i n  t h e  g loba l  abundance of t r i t i u m .  It has  been suggested t h a t  t h e  

sun might a l s o  be a source  of t r i t i u m  [Cra ig ,  1957; Simpson, 19603 

e i t h e r  d i r e c t l y  by a c c r e t i o n  o r  i n d i r e c t l y  by i n t e r a c t i o n  of h igh  energy 

s o l a r  f l a r e  p a r t i c l e s  wi th  the  e a r t h ' s  atmosphere. 

t h a t  t h e  ques t ion  of t he  t r i t i u m  balance i s  s t i l l  open and f u r t h e r  work 

i s  needed. 

One can only  say  

The 1965 ba l loon  f l i g h t s  e x h i b i t e d  p a r t i c u l a r l y  good r e s o l u t i o n  i n  

the  hydrogen reg ion .  C i r c u i t r y  of extended dynamic range permi t ted  

accumulation of  d a t a  i n  t h e  v i c i n i t y  of t h e  p ro ton  l i n e  f o r  a longer  

pe r iod  of t i m e  t han  w a s  p o s s i b l e  i n  t h e  e a r l i e r  y e a r s  of t h e  ba l loon  

f l i g h t  s e r i e s .  As a r e s u l t ,  a w e l l  r e so lved  deuteron  l i n e  w a s  ob ta ined ,  

and i t  w a s  a l s o  p o s s i b l e  t o  r e s o l v e  a t r i t o n  l i n e .  I n  F igu re  29 mass 

' his tograms f o r  t h e  two f l i g h t s  a t  F o r t  C h u r c h i l l  i n  1965 are p l o t t e d .  

The his tograms were cons t ruc t ed  i n  e x a c t l y  t h e  same manner as those  

desc r ibed  i n  Chapter 11, wi th  one except ion .  I n s t e a d  of t a k i n g  the  

p ro ton  l i n e  a s  a r e f e r e n c e  t h e  deuteron  l i n e  w a s  used. No l i n e  drawn 

p a r a l l e l  t o  t h e  deuteron  l i n e  w i l l  co inc ide  e x a c t l y  w i t h  t h e  t r i t o n  l i n e .  

However, the  d i f f e r e n c e  is s m a l l  enough t h a t  no s i g n i f i c a n t  a r t i f i c i a l  

over lapping  of t h e  deuteron  and t r i t o n  d i s t r i b u t i o n s  w i l l  occur .  One 

can s e e  from F igure  29 t h a t  i n  f l i g h t  65-1  deuterons  and t r i t o n s  are 

q u i t e  w e l l  separa ted .  I n  f l i g h t  65-2 the  r e s o l u t i o n  is not  q u i t e  as 

good, owing t o  poorer  s t a t i s t i c s  and perhaps t o  small g a i n  s h i f t s .  
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The hydrogen i so tope  d a t a  obtained i n  1965 a r e  summarized i n  Table 

111. Again, we have compared i n t e n s i t i e s  on an energy/nucleon b a s i s .  

Due t o  t h e  widely d i f f e r i n g  charge t o  mass r a t i o s  of t h e  hydrogen i s o t o p e s ,  

we a r e  l i m i t e d  t o  t h e  20-38 MeV/nucleon. interval .  

i n t e r v a l  i n  which i t  w a s  p o s s i b l e  to  o b t a i n  d a t a  on a l l  t h r e e  hydrogen 

i so topes .  It i s  our  con ten t ion  t h a t  n e a r l y  a l l  t h e  deuterons and t r i t o n s  

we observe a r e  atmospheric secondary r e a c t i o n  products .  

t h a t  t h e r e  i s  a s m a l l  amount of primary deuter ium p resen t .  

[ 19663 have r epor t ed  t h e  presence  of a s m a l l  f l u x  of  primary deuter ium 

i n  t h e i r  IMP I1 s a t e l l i t e  measurements. The deuteron  i n t e n s i t y  measured 

by them w a s  on ly  4 t o  5 p e r  cen t  of t h e  primary p ro ton  i n t e n s i t y  and w a s  

very  near  t h e  l i m i t  of r e s o l u t i o n  of t h e i r  d e t e c t o r .  

on t h e  o t h e r  hand have r epor t ed  the absence of  deuter ium i n  t h e  primary 

cosmic r a d i a t i o n .  I f  t h e  r e s u l t s  of Fan, e t  a l .  are c o r r e c t  and t h e r e  

r e a l l y  i s  primary deuterium, our  conclusions w i l l  s t i l l  not  be a f f e c t e d .  

The s m a l l  i n t e n s i t y  observed by them would be even f u r t h e r  reduced a f t e r  

passage through 3 gm/cn? of a i r .  

compared t o  t h e  i n t e n s i t y  w e  measure. 

deuterons  measured by our d e t e c t o r  are atmospheric secondar ies .  

This  i s  t h e  wides t  energy 

It i s  p o s s i b l e  

Fan, e t  a l .  

Hagge, e t  a l .  L-19661, 

It would then  become n e g l i g i b l y  s m a l l  

W e  w i l l  t h e r e f o r e  assume t h a t  a l l  

The e n e r g e t i c  t r i t o n s  observed i n  our  e x p e r h e n t ,  i f  pr imary,  could 

be e i t h e r  g a l a c t i c  o r  s o l a r .  

p o s s i b i l i t y  of g a l a c t i c  o r i g i n .  S ince  no apprec iab le  s o l a r  a c t i v i t y  w a s  

p r e s e n t  du r ing  f l i g h t s  65-1 and 65-2 we may a l s o  e l i m i n a t e  s o l a r  o r i g i n .  

A l l  t r i t o n s  we observe must t h e r e f o r e  be atmospheric secondar ies .  S ince  

we  a r e  d e a l i n g  wi th  atmospheric secondar ies ,  i t  i s  appropr i a t e  t o  compare 

t h e  deuteron  and t r i t o n  i n t e n s i t i e s  wi th  t h e  secondary p ro ton  i n t e n s i t y  

a t  t h e  d e t e c t o r .  The deuteron  product ion w a s  q u i t e  l a r g e ,  approximately 

The 12.5 yea r  h a l f - l i f e  e l imina te s  t h e  
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h a l f  of t h e  secondary proton product ion.  The t r i t i u m  i n t e n s i t y  w a s  

a l s o  s u r p r i s i n g l y  la rge .  A t r i t o n  t o  secondary pro ton  i n t e n s i t y  r a t i o  

of .22  was observed. Our deuteron t o  pro ton  r a t i o  i s  c o n s i s t e n t  wi th  the  

d a t a  obta ined  from secondary r e a c t i o n  products  i n  nuc lea r  emulsions.  

Dahanayake, e t  a l .  E19551 have r epor t ed  a deuteron  t o  pro ton  r a t i o  of 

approximately 30% a t  50 MeV/nucleon i n  emulsions.  

The ques t ion  arises as t o  what t ype  o f  i n t e r a c t i o n s  produced t h e s e  

p a r t i c l e s .  Two p o s s i b i l i t i e s  p re sen t  themselves: (1) The e n e r g e t i c  

deuterons  and t r i t o n s  could be produced by t h e  f ragmenta t ion  of heavy 

pr imary cosmic r ay  n u c l e i  as they impinge on t h e  e a r t h ' s  atmosphere. 

( 2 )  

of  t h e  primary cosmic r a y  pro tons  w i t h  a i r  n u c l e i i .  

i n d i c a t e  t h a t  t h e  l a t t e r  p o s s i b i l i t y  i s  most l i k e l y .  F i r s t ,  when a heavy 

nucleus  undergoes f ragmenta t ion ,  t h e  secondary products  tend t o  main ta in  

t h e  same v e l o c i t y  (o r  energy/nucleon)  as the  i n c i d e n t  heavy p a r t i c l e .  

The re fo re ,  most of t he  deuterons  and t r i t o n s  t h a t  we observe,  which have 

e n e r g i e s  less than  80 MeV/nucleon, w i l l  be produced by heav ie r  p a r t i c l e s  

whose ene rg ie s  are a l s o  less than 80 MeV/nucleon. The i n t e n s i t y  of  such 

low energy heavy n u c l e i ,  however, i s  much too  s m a l l  t o  account f o r  t h e  

l a r g e  numbers of deiiterons and t r i t n n s  observed. The f a c t  t h a t  l i t t l e  

o r  no deuter ium has  been observed i n  t h e  primary cosmic r a d i a t i o n ,  which 

h a s  passed through approximately 3 gm/cd  of i n t e r s t e l l a r  matter agrees  

w i t h  t h i s  hypothes is .  

r a t i o  wi th  t h a t  measured i n  emulsions argues t h a t  nuc lea r  evapora t ion  o r  

pick-up r e a c t i o n s  are most important .  Thi rd ,  i n  F igure  30 we have p l o t t e d  

t h e  deuteron  i n t e n s i t y  and the  secondary pro ton  i n t e n s i t y  as a func t ion  

of depth i n  t h e  atmosphere. 

They could be t h e  r e s u l t  o f  nuc lea r  evapora t ion  o r  pick-up r e a c t i o n s  

Several arguments 

Second, the agreement of  our  deuteron  t o  pro ton  

The q u a l i t a t i v e  agreement of t h e  a l t i t u d e  
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dependency of t h e s e  two hydrogen i so topes  i n d i c a t e s  t h a t  t h e  product ion  

mechanisms a re  s i m i l a r .  

Cosmic ray  produced deuter ium c o n t r i b u t e s  only  a very  s m a l l  amount 

t o  t h e  wor ld ' s  supply of deuterium. 

r a t e  of deuterium by cosmic rays  as obta ined  from our d a t a  over t h e  

l i f e t i m e  of the  e a r t h .  

deuterium were produced by cosmic r ays .  

less than the g l o b a l  abundance of deuterium. Tr i t i um i s  extremely rare 

and t h e r e f o r e  a much more l i k e l y  candida te .  Based on our  d i r e c t  measure- 

ment of t h e  secondary t r i t o n  f l u x  a t  3 gm/c18 we s h a l l  t h e r e f o r e  a t tempt  

t o  c a l c u l a t e  t h e  product ion  r a t e  of  tritium i n  t h e  e a r t h ' s  atmosphere. 

We have i n t e g r a t e d  t h e  product ion  

During t h i s  t i m e  only approximately Ido gm Of 

This  i s  many o r d e r s  o f  magnitude 

Our measurement g ives  the  t r i t o n  i n t e n s i t y  a t  a s i n g l e  energy,  a 

s i n g l e  i n s t a n t  of t i m e ,  a s i n g l e  p o s i t i o n  on t h e  e a r t h ,  and a s i n g l e  depth 

i n  t h e  atmosphere. 

t i m e ,  energy,  l a t i t u d e ,  and atmospheric depth dependency of  t h e  i n t e r -  

a c t i o n s  producing t r i t i u m  i n  o r d e r  t o  o b t a i n  a g l o b a l  average product ion  

r a t e .  

emulsions.  

We must t h e r e f o r e  o b t a i n  informat ion  elsewhere on t h e  

Our source w i l l  aga in  be t h e  d a t a  on s t a r  product ion  i n  nuc lea r  

I n  ou r  c a l c u l a t i o n s  we s h a l l  fo l low a procedure o u t l i n e d  by Rossi 

[1952]. We s h a l l  de f ine  a source  f u n c t i o n  f o r  t r i t o n s  as fo l lows:  

St(E,x)dxdE=number of  i n t e r a c t i o n s  p e r  second p roduc t ing  a t r i t o n  

a t  an atmospheric depth  x i n  dx, and a t  energy E in 

dE i n  t h e  v e r t i c a l  d i r e c t i o n .  

It can then  be shown t h a t  t h e  v e r t i c a l  i n t e n s i t y  o f  t r i t o n s  a t  energy E 

and depth x i n  t h e  atmosphere is given  by [Ross i ,  1952, page 4871: 

c 
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where dE/dX i s  t h e  energy l o s s  r a t e  due t o  i o n i z a t i o n  i n  t h e  atmosphere, 

and X t  i s  t h e  c o l l i s i o n  mean f r e e  path f o r  t r i t o n s  i n  t h e  atmosphere. 

The ene rg ie s  E and E '  a r e  r e l a t e d  as fol lows:  

R ( E ' )  = R ( E )  + x - X I ,  (2) 

where R(E) i s  t h e  range i n  a i r  of p a r t i c l e  wi th  energy E. 

W e  w i l l  be concerned w i t h . o n l y  s m a l l  va lues  of x and X I  (5 3 gm/cmz); 

t h e r e f o r e  t h e  exponen t i a l  term i n  equat ion  (1) can be neglec ted .  

Equat ion (1) can then  be r e w r i t t e n  a s  fol lows:  
X 

It (E,x) = 1 dE' St(E ' ,x)  dx' 
dEfdx J0 dx' 

The upper l i m i t  Em i s  determined by t h e  r e l a t i o n  

R(Em) = R(E) + x. ( 4  1 

We w i l l  make t h e  assumption t h a t  the source  func t ion  i s  a sepa rab le  

f u n c t i o n  of E '  and X ;  t h a t  i s ,  t h a t  S (E' ,x) can be w r i t t e n  t 

St (E ' ,x )  = cons t .  X S, ( E ' )  S, (x ) .  (5) 

P h y s i c a l l y ,  t h i s  i s  equ iva len t  t o  assuming t h a t  t h e  shape of t h e  energy 

spectrum of secondary t r i t o n s  a t  t h e  p o i n t  of i n t e r a c t i o n  i s  not  s t r o n g l y  

dependent on depth i n  the  atmosphere. 

s ta r  pro ton  spectrum given by Powell, Fowler, and Perk ins  [1959]. S ince  

no t r i t o n  spectrum i s  a v a i l a b l e ,  w e  must assume t h a t  pro tons  and t r i t o n s  

have s imi la r  s p e c t r a l  shapes.  Since we w i l l  be us ing  a normal iza t ion  

procedure ,  our  r e s u l t s  w i l l  not  depend too  s t r o n g l y  on t h e  choice of 

s p e c t r a l  shape. A piecewise power l a w  f i t  has  been made t o  t h e  spectrum 

o f  Powell ,  Fowler, and Perk ins  t o  s i m p l i f y  i n t e g r a t i o n .  For t h e  depth 

dependency of  t h e  source func t ion  we have used t h e  curves g iven  by L a 1  

For S,(E')  we w i l l  use  the  emulsion 
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and Pe te r s  [1962]  based on emulsion s t a r  da ta .  

Our measurement c o n s i s t s  of determining t h e  va lue  of t he  t r i t o n  

i n t e n s i t y  I t (E ,x )  a t  a s i n g l e  va lue  of E and x.  Afte r  i n t e g r a t i o n  of  

equa t ion  (3) we can use t h i s  va lue  of It t o  so lve  f o r  t h e  cons t an t  i n  

equa t ion  (5). Thus we have determined t h e  t r i t o n  source func t ion  

S t ( E ' , x ) .  

t h e  t r i t i u m  product ion  r a t e .  W e  have,  however, ob ta ined  t h e  source 

f u n c t i o n  only i n  the  v e r t i c a l  d i r e c t i o n .  It i s  necessary  t o  make some 

assumption about t he  angular  dependency of  t h e  source func t ion .  Again 

With t h i s  done i t  i s  a s t r a igh t fo rward  ma t t e r  t o  c a l c u l a t e  

w e  s h a l l  use emulsion s t a r  d a t a .  

d a t a  on t h e  angular  dependency of 

wi th  a func t ion  of t h e  form 

-30 I n  
f (8)  = ke 

Bruns te in  [ 196 31 has f i t  t h e  emulsion 

s ta r  pro tons  k a m e r i n i ,  e t  al., 1951) 

where 8 i s  t h e  angle  from the  v e r t i c a l .  

To ob ta in  t h e  t r i t o n  product ion  r a t e  a t  F o r t  C h u r c h i l l  w e  must t hen  

perform the fo l lowing  i n t e g r a t i o n :  

P = / E ( e ) S t  (E ' , x )  dE'dxdn (6 1 
n 

where x i s  t h e  t o t a l  t h i ckness  of atmosphere (1030 gm/cm2). A va lue  

of .39 - + .10 t r i tons/cm'-sec was obta ined  f o r  t h e  p roduc t ion  r a t e  a t  

F o r t  Churchi l l .  

To ob ta in  t h e  g l o b a l  average t r i t i u m  p roduc t ion  r a t e  we have used 

t h e  curves of  L a 1  and Peters g iv ing  t h e  i s o t o p e  p roduc t ion  r a t e  as a 

f u n c t i o n  of l a t i t u d e .  

e f f e c t i v e l y  a l s o  on average over  a s o l a r  cyc le .  

We o b t a i n  a va lue  Pavg, = .20 - + .05. This  i s  

Our va lue  l i e s  w e l l  

w i t h i n  the  range o f  resu l t s  (.14 - .31 t r i t o n s l c d - s e c )  from t h e  quas i -  

t h e o r e t i c a l  c a l c u l a t i o n s  of  t h e  p roduc t ion  r a t e  desc r ibed  ear l ie r .  

I n  de r iv ing  the  preceding  r e s u l t s ,  w e  have used emulsion star d a t a .  
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Two assumptions have been made: t h a t  t h e  secondary pro ton  spectrums i n  

emulsion and a i r  a r e  i d e n t i c a l ,  and t h a t  t h e  secondary pro ton ,  deuteron ,  

and t r i t o n  spectrums are a l s o  i d e n t i c a l .  The d a t a  presented  i n  Chapter 

V I ,  however, i n d i c a t e d  t h a t  a s m a l l  d i f f e r e n c e  e x i s t e d  between t h e  spec t -  

rums of pro tons  produced i n  emulsion and i n  a i r .  It i s  p o s s i b l e  t o  check 

t h e  v a l i d i t y  of t h e s e  assumptions by examining the  a l t i t u d e  dependency 

of t h e  secondary pro ton  and deuteron i n t e n s i t i e s  as shown i n  F igure  30. 

We have i n t e g r a t e d  t h e  i n t e n s i t y  der ived  from equat ion  3 between 20 and 

80 M e V ,  t h e  energy range of t h e  d e t e c t o r .  These curves were then  

normalized t o  t h e  pro ton  and deuteron i n t e n s i t i e s  a t  3 gm/cn? as measured 

i n  t h i s  experiment.  The r e s u l t s  of t h e s e  c a l c u l a t i o n s  are shown by t h e  

s o l i d  curves  i n  F igure  30. For pro tons ,  t h e  c a l c u l a t e d  curve goes 

through a maximum higher  i n  t h e  atmosphere than  t h e  exper imenta l  da t a .  

This  i s ,  i n  f a c t ,  c o n s i s t e n t  wi th  a f l a t t e r  p ro ton  spectrum i n  a i r  than  

i n  emulsion, as w a s  r epor t ed  i n  Chapter V I .  The agreement between t h e  

deuteron  d a t a  and t h e  c a l c u l a t e d  curve i s ,  however, q u i t e  good. The 

d i f f e r e n c e  between t h e  experimental  p ro ton  and deuteron  a l t i t u d e  curves  

can  be expla ined  by a s l i g h t l y  s o f t e r  secondary deuteron spectrum. 

are thus  confronted  wi th  a f o r t u i t o u s  s i t u a t i o n  wherein t h e  e r r o r s  a r i s i n g  

We 

from our  assumptions tend t o  cancel. 



VIII. CONCLUDING REMARKS 

A complete understanding of t h e  e leven  year  modulation of  g a l a c t i c  

cosmic r a y s  w i l l  come only through long-term d e t a i l e d  s t u d i e s  over t h e  

e n t i r e  s o l a r  c y c l e .  

se r ies  of  ba l loon  f l i g h t s  over a per iod  of f i v e  y e a r s .  S t i l l ,  t h i s  

covers  less t h a n  one-half  of one s o l a r  c y c l e .  

more s o p h i s t i c a t e d  s a t e l l i t e  technology, i t  has become p o s s i b l e  t o  o r b i t  

mult iparameter  d e t e c t o r s  s i m i l a r  t o  t h e  one descr ibed  i n  t h i s  t h e s i s .  

Data from such d e t e c t o r s  cover t h e  per iod from l a t e  1963 t o  t h e  p r e s e n t .  

I n  a d d i t i o n  t o  being f r e e  from t h e  problem of atmospheric s e c o n d a r i e s ,  

t h e s e  s a t e l l i t e - b o r n e  d e t e c t o r s  provide a cont inuous monitor of t h e  

cosmic r a y  i n t e n s i t y  over t i m e  per iods  t h a t  a r e  long compared t o  t h e  

d u r a t i o n  of a n  average b a l l o o n  f l i g h t .  

p resented  i n  t h i s  t h e s i s  has  been l i m i t e d  by s t a t i s t i c s  t o  only pro ton  

and a lpha  p a r t i c l e  i n t e n s i t i e s .  With t h e  g r e a t  volume of  d a t a  

accumulated dur ing  long-term s a t e l l i t e  experiments i t  w i l l  become p o s s i b l e  

t o  s tudy  t h e  t i m e  v a r i a t i o n s  of o t h e r  l e s s  abundant components of t h e  

cosmic r a d i a t i o n .  

We have presented  d a t a  from a r e l a t i v e l y  long 

With t h e  development of 

The primary cosmic r a y  d a t a  

Thus f a r ,  our knowledge of t h e  cosmic r a y  i n t e n s i t y  i s  l i m i t e d  t o  

a very  narrow r e g i o n  about t h e  o r b i t  of t h e  e a r t h .  

s o l a r  modulation p r e d i c t  a r a d i a l  g r a d i e n t  i n  t h e  cosmic r a y  i n t e n s i t y .  

Experiments aboard s p a c e c r a f t  whose t r a j e c t o r i e s  c a r r y  them f a r  from 

t h e  e a r t h ' s  o r b i t  could measure such a g r a d i e n t .  I n  a d d i t i o n  magneto- 

meters c a r r i e d  aboard t h e s e  s a t e l l i t e s  could determine t h e  r a d i a l  depend- 

ence of t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  Measurements such a s  t h e s e  

can be expected t o  provide a b e t t e r  unders tanding  of t h e  s o l a r  modulat ion.  

Most t h e o r i e s  of 

-76- 
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We have also presented data on the production of low energy second- 

aries in the earth's atmosphere. 

ed by comparing simultaneous balloon and satellite measurements. 

Satellite experiments capable of measuring the cosmic spectrum at higher 

energies are now being developed. Included among these is the modified 

dE/dx and E detector which will be flown aboard the OGO-E spacecraft. 

It will thus be possible t o  extend the atmospheric secondary spectrum 

to higher energies. 

A proton secondary spectrum was obtain- 

Finally, we have experimentally determined the cosmic ray product- 

ion rate of deuterium and tritium in the earth's atmosphere. 

loss rate, however, due to radioactive decay and escape from the strato- 

sphere still remains an open question. Experimental work is now extremely 

difficult due to the great tritium production from thermonuclear tests - 
the tritium abundance has been increased by approximately three orders 

of magnitude. The 12.5 year half-life of tritium means that it will 

take of the order of 100 years before equilibrium is restored given the 

unlikely possibility that no thermonuclear tests occur during this period. 

The tritium 

\ 
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